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Introduction and outline of the thesis
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Introduction
Introduction
Coral reefs form an enchanting underwater world of wondrous shapes and 
colours in tropical coastal zones. The coral reef structure is built by a wide 
variety of coral polyps and crustose coralline algae, which excrete calcareous 
skeletons to form atolls, barrier reefs or fringing reefs. Probably the most 
conspicuous animals on the reef are the fishes, which occur in such 
overwhelming diversity and numbers. The coral reef ecosystem forms an 
important fisheries resource to commercial and local subsistence fishers as 
well as sports fishers throughout the tropics, and has attracted many tourists 
and scientists for SCUBA diving and research.
However, coral reefs are not the only shallow-water habitats for estuarine or 
marine organisms in tropical coastal zones. Seagrass beds, mangrove forests, 
algal beds, unvegetated mud or sand flats, back-reef or fossil reef shores can 
usually be found closeby. Such habitats can be found to co-occur in a number of 
possible combinations, and especially the seagrass beds and mangroves have 
received conciderable attention for their unique flora and fauna and oftentimes 
enormous surface areas. Mangrove trees can be found on the shore-line, but 
may stretch deep land inward. Seagrasses grow in the littoral zone (intertidal 
or submerged), and coral reefs are found deeper into the sea.
These coastal zone habitats are deteriorating through human impact, and 
suffer from increasing exploitation (Sale 1991, Shepherd et al. 1989, Spalding 
1998). Overfishing or destructive fishing methods, pollution, the clear felling of 
mangrove forests for fire wood or the paper industry, and anchoring damage 
on the coral reef are all well-known examples of human impacts which have 
left their trace.
Despite the growing awareness of the need for an integrated approach in 
coastal zone management, the ecological relationships (sometimes called 
interlinkage, or connectivity) between these habitats have received relatively 
little attention. Although it is well-known that these coastal habitats are 
ecologically connected to each other, the scientific basis for quantification of 
such relationships and relative importance of adjacent habitats for species 
from the coral reef is not substantial. Even recent and renowned books, such 
as ‘The ecology of fishes on coral reefs’ (Sale 1991), ‘Fish and fisheries of 
tropical estuaries’ (Blaber 1997) and ‘Oceanographic processes of coral reefs’ 
(Wolanski 2001) do not produce a solid body of knowledge concerning such 
connective relationships among tropical coastal habitats. From the point of 
view of reef fish ecology, the use of alternative habitats and their relative 
importance is not necessarily underestimated but scientifically underlit 
(Birkeland 1985, Parrish 1989, Beck et al. 2001).
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Fundamental ecological research, especially on the interlinkages between such 
habitats, is needed to aid the development of protective litigation and 
successful coastal zone management. This thesis focuses on the interlinkages 
(migrations) between fish populations in the mangrove-seagrass-coral reef 
zonation.
Interlinkages between tropical coastal habitats: fish migrations
Migrations of fish among coastal habitats can be classified as (a) tidal 
migrations, (b) diurnal (feeding) migrations, (c) spawning migrations (usually 
seasonal), and (d) life cycle migrations. Tidal migrations are not likely to occur 
in Spanish Water Bay (with an average tidal amplitude of 30 cm). Diurnal 
migrations from the coral reef to seagrass beds or mangroves have not been 
observed during day or night surveys in the reef and bay habitats of Spanish 
Water Bay (Nagelkerken et al. 2000a, 2000b, 2000c). Spawning migrations of 
adult fish from the open sea to nursery habitats are especially apparent in 
estuarine situations (Blaber 1997), the study species in this thesis are known 
to spawn on the coral reef or continental shelf (Munro 1983), and spawning 
has not been observed in coral reef fish species in the non-estuarine bay in 
several studies (Nagelkerken et al. 2000a, 2000b, 2000c). Therefore, the only 
occurring migratory link between the coral reef fish community and adjacent 
habitats in this location is represented by life cycle migrations of reef fish.
Life Cycle Migrations
Nearly all coral reef fishes have a ‘bipartite’ or 2-phase life cycle: the larvae are 
pelagic while the juveniles and adults are demersal (Sale 1991). Adult reef fish 
usually spawn (release sperm and eggs) on the reef or the continental shelf, 
and the fertilised eggs develop into pelagic larvae whilst drifting off into the 
open ocean. After a period of usually days to weeks, the larvae make their way 
back to the coast. The larvae then associate themselves with the coral reef: a 
transition called settlem ent. The pelagic larval stage is often referred to as 
pre-settlem ent phase, and the benthic or reef-associated phase is usually 
called post-settlem ent phase.
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The larvae of some coral reef fish species, however, do not settle on the coral 
reef itself, but in alternative habitats closer to shore. Such shallow-water 
habitats may be unvegetated sand or mud flats, reef flats, or vegetated areas 
(Fig. 1). Especially the marine or estuarine vegetated areas such as seagrass 
beds and mangroves have received considerable attention. In many studies, 
large numbers of juveniles of reef fish species were observed in seagrass beds 
and mangrove forests (see Parrish 1989 for review), and these habitats were 
therefore dubbed nursery habitats. This term suggests a third phase in the 
life cycle of these reef fish (Fig. 1): juveniles that have settled in alternative 
shallow-water habitats such as seagrass beds and mangrove forests, grow up 
there and then migrate to the coral reef to take up permanent residence there. 
Since this migration takes place in the post-settlement phase of the 3-phase 
life cycle of the reef fish, we called it P ost-settlem ent Life Cycle M igration  
(PLCM). Fish species which make use of nursery habitats during their life 
and spend their adult phase on the coral reef, are called nursery-reef fish  
species in this thesis.
Figure 1: Life cycles of reef fish. In the 2-phase life cycle, the larvae settle in reef habitats, and 
juvenile life is spent on the coral reef. In the theoretical 3-phase life cycle (based on the nursery 
concept), the larvae settle and grow up to become juveniles in nursery habitats such as 
seagrass beds and mangroves, after which these juveniles migrate to the coral reef to take up 
permanent residence there.
The possible reasons for such a 3-phase life cycle (Fig. 1) are numerous. For 
instance, the physical complexity of mangroves and seagrass vegetation slows 
down water currents and traps particles (and fish larvae?) more easily than 
unvegetated shallow-water habitats or the coral reef (Parrish 1989). 
Furthermore, the importance of nursery habitats can be explained in terms of 
benevolence to the coral reef fish species by a number of hypotheses: (a) 
mangroves and seagrass beds provide a greater abundance of food than 
unvegetated areas or the coral reef (Odum & Heald 1972, Ogden & Ziemann 
1977); (b) the structural complexity of the vegetation in nursery habitats 
provides shelter against piscivorous predators (Parrish 1989, Heck & Crowder 
1991, Robertson & Blaber 1992); (c) shade may reduce predation efficiency of
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predators in the nursery habitats (Helfman 1981, this thesis); (d) the usually 
more turbid waters in nursery habitats may reduce predation efficiency of 
piscivores (Blaber 1997, Robertson & Blaber 1992); (e) nursery habitats 
usually harbour lower numbers of piscivorous predators, in comparison to the 
coral reef (Shulman 1985, Parrish 1989).The latter hypothesis must be 
handled with great care since it has not really been substantiated (Sheaves 
2001). Also, the proposed hypotheses are interlinked. For instance, high 
turbidity is usually related to high invertebrate food abundance (e.g. Blaber 
1997) and may at the same time reduce the predation efficiency of piscivores 
(Robertson & Blaber 1992). Greater food abundance for fish in these nursery 
habitats should enhance growth rates of juvenile fish, which minimises the 
period within which a size-class is particularly vulnerable to predation 
(‘growing away from the predator’). In any case, the benevolence of nursery 
habitats to coral reef fish species can be summarised with explanations 
concerning food (abundance and availability) and sh elter  (against piscivorous 
predators).
The nursery concept suggests that the juveniles-in-the-nursery are spatially 
separated from the adults-on-the-reef subpopulation, and that migration from 
the nursery habitat to the coral reef takes place over a specific size-range (Fig. 
2). The timing of such post-settlement life cycle migrations from the nursery to 
the coral reef (and thus the amount of time spent in nursery habitats) must be 
related to changes during the lifetime of the fish. Possible biological and 
physiological mechanisms related to reef fish ontogeny, which may instigate or 
promote migrations from one habitat to another are: a) the migratory 
pathways are marked by environmental factors (turbidity, temperature, 
salinity, depth, habitat complexity, etc.) or gradients and seasonal changes 
therein, to which nursery fish become suddenly or increasingly more 
susceptible with fish growth (derived from e.g. Blaber 1997); b) physiological or 
morphological changes in the juveniles (e.g. photon receptor sensitivity, 
development of gonads, development of swimming or navigational capabilities) 
increase their home range (derived from e.g. Helfman et al. 1982, Gerking 
1994, Hyndes et al. 1997); c) ontogenetic changes in feeding strategy (e.g. from 
zoobenthivory to piscivory) lead to larger home ranges, thereby increasing the 
chance of accidentally finding the reef habitat (derived from e.g. Edgar and 
Shaw 1995a, 1995b, Muñoz and Ojeda 1998); d) spatial distribution of food 
abundance or food types determines the choice of habitats (derived from e.g. 
Brook 1977, Parrish and Zimmerman 1977, Edgar and Shaw 1995a, 1995b); e) 
nursery-to-reef migrations may be prompted at the size at which a fish 
outgrows the protection of structural complexity of the nursery habitat (based 
on Shulman 1985, Rooker and Dennis 1991).
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Fish density
Migration range
Fish size
Figure 2: Theoretical size-frequency distribution of two spatially separated 
subpopulations, based on the assumptions made in the 'nursery concept' 
(explanation see text). The overlap of the size-frequency distributions forms the 
size-range in which the juvenile fish move from the nursery habitat to the adult 
subpopulation on the coral reef.
Contrary to the vast literature on seagrass beds and mangroves, few authors 
have attempted to explain the nursery-to-reef migration in the 3-phase life 
cycle in terms of benevolence of the coral reef to these fish species. After all, if 
nursery habitats are so benevolent to reef fish, than why would these species 
migrate to the coral reef at all? One advantage of coral reef habitats over the 
nursery environment is the relatively high underwater visibility due to lower 
turbidity, which may enhance prey finding capability. Spawning on the coral 
reef enables the release of off-spring into the open ocean, thereby dispersing 
larvae over a large area and exchanging genetic material with conspecifics 
from other reefs, bays and lagunes, and possibly even from other islands. Also, 
the separation of size-classes into different habitats can alleviate aggression, 
cannibalism, and competition, which are particularly intense between 
juveniles and adults (inter- and intraspecies) in some cases.
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Another alluring question which has received little scientific attention is: If 
nursery habitats are so benevolent to reef fish populations, then why do not all 
reef fish species (or at least all non-cryptic, mobile species) use alternative 
habitats as nurseries? Especially since the high food abundance in nursery 
habitats does not appear to be limiting and there seems to be enough space for 
more individuals and more species, this question is quite alluring and may 
provide an inspiring perspective. The answer undoubtedly lies in the 
differences among reef fish larvae (e.g. swimming capabilities, response to 
water chemistry during settlement processes) and in the differences in habitat 
requirements of the juveniles (i.e. during the post-settlement phase) in the 
context of competition and evolution, but this is beyond the scope of this thesis.
Importance of nurseries to reef fish
The nursery concept (juveniles-in-the-nursery and adults-on-the-reef) is 
largely based on qualitative descriptions of fish communities. Quantification of 
the size-distribution of fish in these habitats has mostly been focused on one or 
two habitats, often using different sampling methods in different habitats. 
This makes comparison of the relative importance of each of the occurring 
habitats for different size-classes of fish difficult. The quantification of the 
relative importance of the coastal ‘nursery’ habitats for the occurring size- 
classes of reef fish in the coastal zonation, using a single method, has really 
begun quite recently (Van der Velde et al. 1992, Nagelkerken et al. 2000a, 
Adams & Ebersole 2002). These studies have described the use of shallow- 
water habitats such as back-reef, seagrass and algal beds, mangroves, 
boulders, and fossil reef notches by juveniles of a number of Caribbean coral 
reef fish species. Nagelkerken (2000a) wrote a thesis dedicated to the subject of 
nursery habitats, and described spatial size-distributions of reef fish during 
day and night in a single bay-reef situation on Bonaire and Curasao 
(Nagelkerken et al. 2000b, 2000c, 2000d, 2001b), but also compared fish 
community data among bays on Curasao (Nagelkerken et al. 2001a) and 
among reefs of different islands in the Caribbean (Nagelkerken et al. accept.). 
Nagelkerken (2000a) identified at least 17 reef fish species that used shallow- 
water habitats as nurseries. During daytime, herbivorous fish feed in nursery 
habitats while carnivorous fish species use these habitats mainly as resting 
sites (Nagelkerken 2000a, 2000b). During nighttime, herbivorous fish in 
nursery habitats seek shelter in crevices and ‘disappear’ from the water 
column, while carnivorous fish move from mangrove habitats to feed in 
seagrass and algal beds (Nagelkerken et al. 2000b). The comparison of fish 
density data among bays with various combinations of occurring mudflats, 
seagrass beds and mangroves, showed that the separate role of each of these 
nursery habitats is obligatory to some fish species, and facultative for other 
fish species (Nagelkerken et al. 2000c).
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Coral reefs of Caribbean islands lacking nursery biotopes showed complete 
absence or strongly decreased densities of most of the 17 nursery fish species, 
indicating a high level of dependence of such reef fish species on the presence 
of nursery habitats (Nagelkerken et al. accept.).
Now that we have identified reef fish species that use alternative habitats in 
their juvenile stage, and shown their dependence on the presence of such 
‘nursery’ biotopes, we can focus on the processes that occur during the reef fish 
life cycle. Such ontogenetic changes that coincide with the transition from the 
use of nursery habitats to the occupation of the coral reef could explain the 
driving forces behind Post-settlement Life Cycle Migrations. Literature on 
ontogenetic changes of reef fish in nursery habitats is scant as it is, and 
studies dealing with such changes in relation to nursery-to-reef migrations are 
virtually non-existent.
This thesis
The main aim of this thesis is to provide insights in two basic questions:
1. Why do some coral reef fish species use nursery habitats during their 
juvenile phase?
2. How are ontogenetic changes related to Post-settlement Life Cycle 
Migrations (PLCM)?
The first question will be adressed in terms of benevolence of the nursery 
habitats to the juveniles of these species. The second question focuses on the 
possible biological and physiological ontogenetic changes which may explain 
the triggering or promotion of this type of fish migrations.
Of the 17 reef fish species that have been identified by Nagelkerken (2000a) as 
nursery-reef fish species, nine were selected on the basis of their high 
abundance in nursery habitats in Spanish Water Bay (Curasao, Netherlands 
Antilles). The nine selected fish species represented more than 70% of total 
density of all fish species occurring in mangrove habitats, and more than 75% 
of total fish density of all fish species observed in seagrass beds in Spanish 
Water Bay (Nagelkerken et al. 2000a). These nine species were surveyed 
intensively in mangrove, seagrass and reef habitats during a full summer 
season, in order to verify their spatial distribution and to distinguish detailed 
and small-scale migration patterns among nursery habitats and to the 
adjacent coral reef. Also, the level of preference for mangroves or seagrass beds 
was expressed in terms of fish densities. The conclusions of this study and the 
inferred PLCM models are presented in Chapter 2.
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The stability of such spatial size-distributions of reef fish in the mangrove- 
seagrass-reef zonation is explored in Chapter 3, by comparing visual census 
data of the same location (Spanish Water Bay and the adjacent coral reef) in 
two consecutive years. In addition, the possible influence of physico-chemical 
factors and habitat characteristics on migration patterns is examined in this 
chapter.
Ontogenetic diet shifts of four carnivorous grunt and snapper species in 
nursery habitats were established from gut contents analysis and our 
previously found ontogenetic changes in spatial size-distribution (Chapter 4).
The combination of stable isotope analysis and gut contents analysis in 
herbivorous and carnivorous reef fish collected from the three habitats in the 
mangrove-seagrass-reef zonation is discussed in relation to the migration 
patterns of these species (Chapter 5).
In Chapter 6, a field experiment was conducted in order to investigate the 
individual effects of structural complexity and shade on the attractiveness of 
mangrove-like habitats to some fish species.
Chapter 7 aims to generally review the insights regarding the importance and 
use of nursery habitats by coral reef fish species and the coinciding ontogenetic 
changes that may instigate or promote Post-settlement Life Cycle Migrations.
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Chapter 2
Post-settlement life cycle migration patterns and habitat 
preference of coral reef fish that use seagrass and 
mangrove habitats as nurseries.
E. Cocheret de la Morinière, B.A. Pollux, I. Nagelkerken, G. van der Velde 
{Estuarine Coastal & Shelf Science 2002, 55: 309-321)
1S
Post-settlement Life Cycle Migrations of reef fish
Abstract
Mangroves and seagrass beds have received considerable attention as 
nurseries for reef fish, but comparisons have often been made with different 
methodologies. Thus, relative importance of different habitats to specific size- 
classes of reef fish species remains unclear. In this study, 35 transects in 11 
sites of mangroves, seagrass beds and coral reef were surveyed daily, in and in 
front of a non-estuarine bay on the island of Curasao (Netherlands Antilles). 
The density and size-frequency of 9 reef fish species (including herbivores, 
zoobenthivores and piscivores) was determined during a five-month period 
using a single methodology, viz. underwater visual census. All species were 
‘nursery species’ in terms of their high densities of juveniles in mangroves or 
seagrass beds. Relative density distribution of the size-classes of the selected 
species over mangroves and seagrass beds suggested high levels of preference 
for either mangroves or seagrass beds of some species, while other species used 
both habitats as a nursery. Spatial size distribution of the nine species 
suggested three possible models for Post-settlement Life Cycle Migrations 
(PLCM). Haemulon sciurus, Lutjanus griseus, L. apodus, and Acanthurus 
chirurgus appear to settle and grow up in bay habitats such as mangroves and 
seagrass beds, and in a later stage migrate to the coral reef (Long Distance 
PLCM). Juveniles of Acanthurus bahianus and Scarus taeniopterus were found 
only in bay habitats at close proximity to the coral reef or on the reef itself, and 
their migration pattern concerns a limited spatial scale (Short Distance 
PLCM). Some congeneric species carry out either Long Distance PLCM or 
Short Distance PLCM, thereby temporarily alleviating competition in reef 
habitats. Haemulon flavolineatum, Ocyurus chrysurus and Scarus iserti 
displayed a Stepwise PLCM pattern in which smallest juveniles dwell in the 
mouth of the bay, larger individuals then move to habitats deeper into the bay, 
where they grow up to a (sub-) adult size at which they migrate to nearby coral 
reef habitats. This type of stepwise migration in opposite directions, combined 
with different preference for either mangroves or seagrass beds among (size- 
classes of) species, shows that reef fish using in-bay habitats during post­
settlement life stages may do so by actual choice and not merely because of 
stochastic dispersal of their larvae, and underline the necessity of these 
habitats to Caribbean coral reef systems.
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Introduction
In many studies, juveniles of reef fish species were found in high densities in 
non-reef habitats, while the adults were found almost exclusively on the coral 
reef itself (Pollard, 1984; Parrish, 1989). From such spatially heterogeneous 
size-frequency distributions, Post-settlement Life Cycle Migration (PLCM) 
patterns were suggested that gave birth to the nursery concept. Mangroves 
and seagrass beds are considered nurseries to some reef fish species in the 
Western Atlantic, Indian Ocean and Pacific Ocean (Pollard, 1984; Parrish, 
1989). Several authors have suggested the benefits of nurseries to juvenile reef 
fish, varying from high food availability to lower predation efficiency, lower 
predator abundance, and high interception rate of the vegetation to planktonic 
larvae (Odum & Heald, 1972; Carr & Adams, 1973; Ogden & Ziemann, 1977; 
Blaber & Blaber, 1980; Shulman, 1985; Parrish, 1989; Heck & Crowder, 1991; 
Robertson & Blaber, 1992).
Most authors, however, have focused on one or two habitats of the mangrove- 
seagrass-reef continuum, often with different sampling methods, thus 
complicating comparisons among studies and among habitats (e.g. Robertson & 
Duke, 1987; Thayer et al., 1987; Yanez-Arancibia et al., 1988; Blaber et al., 
1989; Baelde, 1990; Rooker & Dennis, 1991; Sedberry & Carter, 1993; 
Laegdsgaard & Johnson, 2001). Quantitative data on ontogenetic shifts in 
habitat use from nursery to adult reef association are largely lacking (Ogden & 
Ehrlich, 1977; Weinstein & Heck, 1979; Rooker & Dennis, 1991; Appeldoorn et 
al., 1997; Nagelkerken et al., 2000a) and the relative importance of these 
nurseries to different size-classes of reef fish species is yet poorly known 
(Ogden & Gladfelter, 1983; Birkeland, 1985).
In recent underwater visual surveys in seven different habitats in a non- 
estuarine island bay in Curasao (Netherlands Antilles), a number of reef fish 
species of which juveniles were highly abundant in bay environments were 
identified and grouped as ‘nursery species’ (Nagelkerken et al., 2000a). 
Nagelkerken et al. (2000a) used a low frequency of surveys in a large number 
of transects, and focussed on fish community structure in a range of habitats 
(mangroves, seagrass beds, algal beds, channel, fossil reef terrace notches, 
boulders, coral reef). Of all habitats in that study, seagrass meadows proved to 
contain highest total numbers of fish, calculated from observed density and 
total surface area.
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In the same non-estuarine, clear water bay in the Caribbean, a selection of 
seven ‘nursery species’ of which juvenile individuals had been found in large 
numbers in mangroves and seagrass beds was studied in detail (Acanthurus 
chirurgus, Haemulon flavolineatum, H. sciurus, Lutjanus apodus, L. griseus, 
Ocyurus chrysurus, and Scarus iserti). In addition to this set of herbivorous, 
zoobenthivorous and piscivorous fish, two congeneric species were selected that 
were encountered in significant quantities in some seagrass beds near the 
adjacent fringing reef (Scarus taeniopterus and Acanthurus bahianus). Using 
daytime underwater visual census as a single method to quantify the 
abundance of the nine selected species and estimate their size, heterogeneity of 
the spatial size-frequency distribution of these fish species in reef habitats, 
mangroves and seagrass meadows was tested. In this way, association of 
specific size-classes of reef fish with specific habitats or spatially separated 
sites provides information from which Post-settlement Life Cycle Migration 
(PLCM) patterns can be derived, taking day-to-day variation over a five month 
period into account. Additionally, differences in spatial distribution and 
habitat preference can be compared among species.
The research questions that will be addressed are:
1. Do size-classes of the selected species display any preference for 
mangrove or seagrass habitats in terms of densities?
2. Do habitats differ in the size-structure of the subpopulations that they 
harbour?
3. Which spatial migration patterns can be inferred from average densities 
and sizes by comparison of the subpopulations at the various sites?
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Methods
Study area
The present study was carried out in Spanish Water Bay in Curasao, 
Netherlands Antilles (Fig. 1). This 3-km2 bay is shallow (largely < 6 m deep), 
harbours extensive seagrass meadows and is fringed by mangroves 
(Rhizophora mangle). Water depths under mangrove canopies ranged between
0.8 m and 1.8 m. These canopies provide dark habitats (average light 
extinction underwater was 85%, as opposed to 40% over seagrass beds). The 
seagrass beds are dominated by monospecific stands of Thalassia testudinum  
(Kuenen & Debrot, 1995). Mean shoot density (± SD) in the seagrass transects 
was 246/m2 (± 110) and seagrass canopy height averaged 28.0 cm (± 11.5).
Figure 1: Location of the study sites in Spanish Water Bay. At site 1-6 the seagrass beds were 
censused, while at site 2, 3, 4, and 6 mangroves were also surveyed. Site 7 was the reef site.
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There is no freshwater input into the bay other than rain, and salinity (avg. 
35.4 %o) is slightly higher than on the reef (avg. 34.6 %o). Bay water 
temperature averaged 30.1 °C (± 0.8), while water temperature on the reef 
averaged 28.4 °C (± 0.9). Visibility was high at all sites, and varied between an 
average of 6.5 m (± 1.8) in the bay and 21.4 m (± 3.1) on the reef as measured 
by means of a horizontal Secchi disk. The average tidal amplitude in the area 
is 30 cm (De Haan & Zaneveld, 1959).
The bay has a long (1 km) and narrow (± 70 m) entrance that connects it to the 
adjacent fringing reef. This reef is part of a marine park that stretches up to 
the southwest tip of the island. The reef system starts with a shallow reef flat 
(from 2-7 m depth), typically covered by gorgonians, at the edge of which the 
drop-off is located (at 5-10 m depth). Coral cover on the drop-off and reef wall 
is predominated by the stony coral Montastrea annularis. A detailed 
description of the reefs in the Netherlands Antilles can be found in Bak (1975).
Table  1. Surface area of the 35 transects in all sites and habitats. Site numbers 
correspond to Figure 1. On the coral reef, 3 transects were used at each depth, as 
indicated between brackets
Site Habitat Transect # Width Length Area
(m) (m) (m2)
1-6 Seagrass 1 3.0 50.0 150.0
2 3.0 50.0 150.0
3 3.0 50.0 150.0
2 Mangrove 1 1.3 37.5 48.8
2 1.3 40.0 52.0
3 1 1.1 73.0 80.3
4 1 1.4 43.0 60.2
2 1.3 10.0 13.0
6 1 2.1 38.0 79.8
2 1.4 37.0 51.8
3 1.5 31.0 46.5
7 Reef 1 (3 at 5 m depth) 3.0 50.0 150.0
2 (3 at 10 m depth) 3.0 50.0 150.0
3 (3 at 15 m depth) 3.0 50.0 150.0
Sampling design
A total of 35 permanent transects were used in 11 sites on the reef and in the 
bay (Table 1), covering a total area of about 4500 m2. Each of the transects was 
censussed 29 times on average during daytime in May through September 
1998. In Spanish Water Bay, six seagrass sites were selected (Fig. 1). At each 
seagrass site, three permanent 3 by 50 metres belt transects were placed, 
which were surveyed by snorkelling. Average water depth of these transects 
was between 0.8 and 2.4 metres. Adjacent to four of the seagrass sites
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(numbered 2, 3, 4 and 6) was a mangrove site (Fig. 1). The mangrove stands 
consist of strips of vegetation hanging over from fossil reef ledges, hence 
providing structural complexity from prop roots or branches in the water 
column beneath the mangrove canopy. The eight mangrove transects were 
narrow underwater habitats, and were censussed by snorkelers. In the 
mangroves, transect width was between 1.1 and 2.1 metres (Table 1). At the 
reef site (numbered 7, Fig. 1), three permanent 3 by 50 metres belt transects 
were placed at three depths (5, 10 and 15 metres) parallel to the coastline, 
using nylon twine. The three 5 metre deep transects were placed where the 
sandy reef flat ends at the start of the drop-off, the three 10 metres deep 
transects were located on the drop-off whereas the three 15 metre deep 
transects were situated on the reef slope. At each depth, the three transects 
were placed 50 m apart from each other. The depth range was based on a pilot­
study that showed that the selected species reached highest densities at 
depths less than 15 metres. Reef sites were censussed by Scuba diving.
During visual surveys, individuals of the selected species were counted and 
their sizes estimated in size-classes of 2.5 cm. Underwater size estimation was 
trained with objects of known size. The three observers censussed all transects 
using an alternation system so that bias in size-estimation is equally 
represented in every transect. The observer effect was tested using ANOVA 
(see ‘Statistical analysis’ for further explanation). All juvenile fishes observed 
in this study were larger than 1 cm at settlement. Juvenile scarids smaller 
than 5 cm (TL) could not be identified in the field. Scarids of sizes smaller than
5 cm were left out of the data sets of Scarus iserti and S . taeniopterus. 
Juveniles and sub-adults of these two scarids that were larger than 5 cm (TL) 
could be distinguished by the characters mentioned and shown in Humann
(1996). All other species could be identified at all sizes.
Statistical analysis
For each species, mean size (cm) and total density (N/100 m2) of the observed 
individuals was calculated at each survey of a transect (each of the 35 
transects was censussed 29 times on average). Data were logtransformed and 
analysed in a nested ANOVA (GLM, SPSS 8.0) for unequal sample sizes, 
where sites were nested in habitats and individual surveys of the transects 
were treated as replicates within sites. Multiple comparisons of means within 
habitats (among sites) and among habitats were analysed using a Tukey HSD 
Spjotvoll/Stoline test (Sokal & Rohlf, 1995). Observer effect was tested by a 
one-way ANOVA on each of the 35 transects, with observer identity as an 
independent variable and mean size or total density in the surveys as a 
dependent variable. None of the 35 ANOVA’s on observer effect produced 
significant differences (p < 0.05) in variance among size or density estimation 
among observers.
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Since there is a variety of prevailing habitats in Spanish Water Bay 
(mangroves, seagrass beds, algal beds, channel, fossil reef terrace notches, 
boulders, coral reef; see Nagelkerken et al., 2000a), and the distribution over 
these habitats during the day is totally different from their distribution at 
night, (Nagelkerken et al., 2000b), their daytime density distribution can be 
viewed as a matter of choice. Therefore, the density of a size-class of a fish 
species in mangroves relative to its density in seagrass beds is viewed as a 
level of habitat preference. The level of preference for either mangroves or 
seagrass beds was tested based on densities of the occurring size-classes of 
each fish species in mangroves and seagrass beds at site numbers 2, 3, 4 and 6 
(Fig. 1). Only those sites were used for analysis of habitat preference because 
both seagrass and mangrove habitats were surveyed at those sites. For each 
size-class of each species, the average density in mangroves at a site was 
divided by the sum density of that size-class in mangroves and seagrass beds 
at that site. These mangrove-to-seagrass preference levels of the size-classes of 
the species at the four sites were then clustered using City-block (Manhattan) 
distances (Statistica for Windows 4.5). In the Manhattan distances measure, 
the effect of single large differences (outliers) is dampened (in the Euclidean 
distance measure, differences are squared).
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Results
Habitat preference
Mean densities (per 100 m2) of most species are significantly lower on the coral 
reef than in seagrass or mangrove habitats, with the exception of Ocyurus 
chrysurus (coral reef densities similar to densities in seagrass beds and lowest 
densities in mangroves) and Acanthurus bahianus (not observed in mangroves, 
and seagrass densities not significantly different from reef densities) (Table 2). 
Overall densities of Scarus iserti, Ocyurus chrysurus, and Acanthurus 
bahianus are higher in seagrass beds than in mangroves, while the reverse is 
true for the remaining species (Table 2).
Table  2; Average size (cm) and density (N/100 m2) per species in each habitat, and 
the ir Standard Errors between brackets. Among sizes, significant (p<0.05) differences 
are indicated with a, b, and c for each species. Among densities, siginificantly different 
means are marked d, e, or f  for each species. Different letters (a-f) mean that averages
Size Densities
Mangirove Seagrass Reef Mangrove Seagrass Reef
A. bahianus -- 4.4a (0.4) 12.9b (0.6) 0.0ld (--) 4.3e (0.5) 4.9e (1.6)
A. chirurgus 13.0a (0.3) 11.0b (0.3) 17.0c (0.5) 3.3d (0.3) 0.9e (0.2) 2.8f (0.9)
H. flavolineatum 8.8a (0.2) 7.7b (0.1) 15.1c (0.2) 99.8d (12.2) 32.1e (1.7) 3.2f (0.4)
H. sciurus 12.3a (0.2) 11.5b (0.1) 21.5c (0.3) 18.2d (1.2) 5.7e (0.3) 0.3f (0.0)
L. apodus 12.3a (0.2) 11.3a (0.5) 18.5b (0.5) 24.7d (1.4) 0.3e (0.1) 1.0f (0.1)
L. griseus 14.2a (0.3) 12.6b (0.3) 16.6a (1.1) 8.1d (0.8) 0.5e (0.1) 0.0f (0.0)
O. chrysurus 9.3a (0.4) 9.8a (0.2) 17.1b (0.3) 2.1d (0.4) 3.6e (0.4) 4.1e (0.5)
S. iserti 8.1a (0.3) 7.8a (0.1) 11.9b (0.3) 11.5d (2.0) 13.3d (1.3) 2.9e (0.2)
S. taeniopterus 6.3a (° .° ) 6.4a m .n 16.4b (0.3) 6.3d ( 1.3) 1.7e (0.3) 3.6f (0 .2)
In order to determine the level of habitat preference, mangrove-to-seagrass 
density ratios (see Statistical analysis) were determined for each size-class at 
four sites where both mangroves and seagrass beds were surveyed. Cluster 
analysis of these mangrove-to-seagrass density ratios at the four sites 
(numbered 2, 3, 4, and 6 in Fig. 1) yielded three distinct groups of size-classes 
of fishes at linkage distance 2.0 (Fig. 2). Cluster A had an average mangrove- 
to-seagrass density ratio of 18% (ranging 0-46%); in cluster B, that ratio is 60% 
(34-75%), and in cluster C it is 93% (64-100%). All size-classes of Lutjanus 
apodus and Haemulon sciurus belonged to cluster C, reflecting a strong 
preference for mangroves at all size-classes. Lutjanus griseus also seems to 
prefer mangroves over seagrass beds, since all size-classes were members of 
cluster C, and one size-class (7.5-10 cm) was in cluster B.
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Acanthurus bahianus was only observed in seagrass habitats, and therefore all 
size-classes were members of cluster A. Acanthurus chirurgus distributed itself 
over mangroves and seagrass beds (most size-classes are members of cluster 
B), with a few individuals of the largest size-class found only in mangroves 
(and therefore part of cluster C). Ocyurus chrysurus was observed in both 
seagrass beds and mangroves (size-classes are part of clusters A and B). 
Scarus iserti occurred mostly in seagrass beds (cluster A), but mangrove 
preference seems to increase with size (largest sizes in cluster B). Haemulon 
flavolineatum  is represented by size-classes in all three clusters, with ever- 
larger sizes found in clusters with an increasing mangrove-to-seagrass density 
ratio. The density ratios of latter two species suggest that their smallest 
juveniles are most commonly found in seagrass beds, while mangrove 
preference increases with the size of the juvenile. Only one size-class (5.0-7.5 
cm) of Scarus taeniopterus was observed in the bay, of which individuals were 
observed in mangroves and seagrass beds (cluster B).
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Figure 2: Complete linkage of relative (mangrove-to-seagrass) densities of the size-classes of 
the study species in four sites (numbered 2, 3, 4 and 6; see Fig. 1), using City-block 
(Manhattan) distances. Species are indicated by the following codes: A.bah=Acanthurus 
bahianus, A.chir= Acanthurus chirurgus, H.flav= Haemulon flavolineatum, H.sci= Haemulon 
sciurus, L.apo= Lutjanus apodus, L.gris= Lutjanus griseus, O.chrys= Ocyurus chrysurus, 
S.iser= Scarus iserti, S.taen= Scarus taeniopterus. Size-classes (cm) are indicated by the 
numbers behind the species codes.
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Size-distribution over habitats
In Figure 3, relative densities of the selected species in the three habitats are 
depicted for each size-class. All selected species were ‘nursery species’, in the 
sense that high densities of juveniles were found in mangroves or seagrass 
beds, while most adults were observed on the reef. All three habitats differed 
significantly in the average sizes of individuals of Haemulon flavolineatum, H. 
sciurus, and Acanthurus chirurgus that they harboured (Table 2). Ocyurus 
chrysurus, Lutjanus apodus, Scarus iserti, and S. taeniopterus showed no 
difference in average sizes between mangroves and seagrass beds, but 
individuals on the reef were significantly larger. Acanthurus bahianus was 
never found in mangroves, and average size of the individuals of this species 
observed in seagrass beds was smaller than on the reef. Average size of 
Lutjanus griseus was significantly smaller in seagrass beds than in mangroves 
and on the coral reef, while the latter two habitats showed average sizes that 
were similar to each other. Mean size of all nine species on the reef (Table 2) 
was always smaller than or corresponded to the approximate mean total 
lengths at which these species become sexually mature (see Fig. 3).
Spatial migration patterns
The size-frequency distribution of Haemulon flavolineatum, H. sciurus, 
Acanthurus chirurgus, Lutjanus apodus, Scarus iserti, and Ocyurus chrysurus 
in mangroves and seagrass beds and on the reef suggests a size-range for each 
species over which the juveniles start migrating to the coral reef (Fig. 3). In the 
case of Scarus taeniopterus this migration from nursery habitat to coral reef 
appears to take place rather abruptly, while individuals of Acanthurus 
bahianus may migrate to reef habitats at all sizes.
A: A. bahianus B: A. chirurgus
Figure 3: Average relative densities of the selected species in three habitats, calculated per 
size-class. The arrows indicate approximate length at sexual maturity (maturity data from 
Munro 1983, Robertson & Warner 1978, Starck 1971, Claro 1983).
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Figure 3 (continued): Average relative densities of the selected species in three habitats, 
calculated per size-class. The arrows indicate approximate length at sexual maturity (maturity 
data from Starck 1971, Munro 1983, Claro 1983).
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When size-frequencies were compared among bay sites within each habitat 
(ANOVA), heterogeneous distribution patterns over sites emerged for some 
species (Table 3). For H. sciurus, the extremely low (0.09 /100 m2) densities of 
small individuals at site 2 are responsible for significant differences among 
seagrass sites.
Table  3: Analysis of variance of sizes among sites within bay habitats. Bold print 
represents p-values smaller than 0.05. ANOVA could not be applied to A. bahianus 
and S. taeniopterus in mangroves. Significant p-values indicate that variance of 
sizes of fishes is not homogeneously distributed over sites within that habitat.
Mangrove Seagrass
Acanthurus bahianus G.44
Acanthurus chirurgus G.2G G. 16
Haemulon flavolineatum G.GG G.GG
Haemulon sciurus G.2G G.GG
Lutjanus apodus G.1S G. 16
Lutjanus griseus G.3S G.27
Ocyurus chrysurus G.1G G.GG
Scarus iserti G.GG G.GG
Scarus taeniopterus G.GG
Haemulon flavolineatum, Scarus iserti, and Ocyurus chrysurus displayed a 
size-frequency distribution in which high densities of small individuals were 
found in mangroves and seagrass beds in the mouth of the bay (at site 
numbers 1 and 2, Fig. 1), medium-sized fishes deeper in the bay, and large 
fishes on the reef (Fig. 4 a, b and c). This indicates a Post-settlement Life Cycle 
Migration (PLCM) pattern with two changes of direction.
Both Acanthurus bahianus and Scarus taeniopterus were only encountered at 
site 1 and 2, which are located in the mouth of the bay (see Fig. 1), and on the 
reef. They were not observed at sites located deeper into the bay. In both cases, 
high densities of small juveniles were detected in the mouth of the bay (Fig. 4 
d and e), while statistically lower densities and larger individuals of these 
species occurred on the reef (Table 2). Their distribution indicates a PLCM 
pattern that is restricted to seagrass and mangrove sites in the close vicinity of 
the reef, and does not include temporary residence deeper in the bay.
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Ocyurus chrysurus Scarus taeniopterus
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Acanthurus bahianus
Figure 4: Mean and standard deviation of size-distribution of Haemulon flavolineatum (a), 
Scarus iserti (b), Ocyurus chrysurus (c) Scarus taeniopterus (d) and Acanthurus bahianus (e) at 
each site. Within each habitat (indicated with 'S', 'M', or 'Reef', for seagrass, mangrove and reef 
habitats, respectively), statistically significant differences among sites (Tukey HSD) are 
presented by letters only when the species was found in that habitat at more than one site. 
Different letters mean that the averages of the sites are statistically different.
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Discussion  
Habitat preference
From previous studies in the same bay (Nagelkerken et al., 2000a, b), it is 
known that fish have a number of occurring habitats to choose from in Spanish 
Water Bay (mangroves, seagrass beds, algal beds, channel, fossil reef terrace 
notches, boulders). These shallow habitats are used as daily resting sites, to 
which the fishes return every day after nocturnal migrations to deeper feeding 
or sleeping grounds (Nagelkerken et al., 2000b). Therefore, we view the 
relative density distribution of a fish species over mangroves and seagrass 
beds at daytime as a matter of choice. Cluster-analysis of the mangrove-to- 
seagrass density ratios of each size-class, at four sites that harboured both 
habitats showed different levels of habitat preference. Lutjanus apodus and 
Haemulon sciurus showed strong preference for mangroves over seagrass beds 
at all size-classes. L. griseus was also strongly associated with mangroves at 
all size-classes, and moderately by one size-class. Acanthurus bahianus was 
not observed in mangroves, reflecting strong preference for seagrass beds. 
Ocyurus chrysurus and Acanthurus chirurgus utilised both habitats. Scarus 
iserti and Haemulon flavolineatum  also used both habitats, but there was a 
trend of increased preference for mangroves with increasing fish size, while 
the smallest juveniles of these species were highly associated with seagrass 
beds. Though seemingly marginal habitats, strips of mangroves of no more 
than 1 by 40 metres at times may contain hundreds of individuals in resting 
schools. The preference of Scarus taeniopterus for mangroves may be 
exaggerated (mangrove-to-seagrass density ratio was about 60% : 40%), since 
juveniles smaller than 5 cm were excluded from the data set. Unidentifiable 
scarid juveniles of this size were mostly found in the mouth of the bay (average 
density 38.2/100 m2 in the mouth of the bay as opposed to 0.8/100 m2 in 
transects deeper in the bay) in seagrass beds. Nagelkerken et al. (2000a, c) 
have found similar overall density distributions of these species in mangrove 
habitats and seagrass habitats in Curasao and Bonaire. The level of preference 
of these fish species for mangroves or seagrass beds in the situation where 
both habitats occur, however, is no indication of the level of dependence on 
these habitats. From comparisons among bays with and without mangroves or 
seagrass beds (Nagelkerken et al., 2001), we know that species that showed 
strong preference for mangroves in the present study (Lutjanus apodus, L. 
griseus, Haemulon sciurus) depend largely on the presence or absence of 
seagrass beds. Given the choice, such species apparently prefer mangroves as 
daytime resting sites for shelter, while their dependence on seagrass beds is 
best explained by the larger abundance of food in seagrass habitats in which 
they forage at night (Cocheret de la Moriniere et al., subm.).
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Size-distribution and spatial migration patterns
All selected species proved to be ‘nursery species’ in the sense that juveniles 
were much more abundant in mangroves or seagrass beds than on the reef, as 
expected from our previous study (Nagelkerken et al., 2000a). Of nine species, 
six (Haemulon flavolineatum, H. sciurus, Lutjanus apodus, Ocyurus chrysurus, 
Acanthurus chirurgus, and Scarus iserti) showed spatial distributions in which 
smallest individuals were only found in bay habitats. The largest individuals 
of Haemulon flavolineatum, Lutjanus apodus, Ocyurus chrysurus, and Scarus 
iserti were found only on the adjacent reef, while adults of Haemulon sciurus, 
and Acanthurus chirurgus were found both in reef habitats as well as in bay 
habitats (mangrove or seagrass). Average size of these 6 species was largest on 
the reef. The size at which these species become sexually mature (Robertson & 
Warner, 1978; Munro, 1983; Munro pers. comm.) always corresponded to or 
was larger than the average size at which they were found on the coral reef. 
The results suggest a Post-settlement Life Cycle Migration (PLCM) pattern 
over a considerable distance, in which juveniles settle and grow up in 
alternative habitats such as seagrass beds and mangroves, after which the 
sub-adults migrate to reef habitats where they become sexually mature. We 
named that pattern Long Distance PLCM. Average size of Lutjanus griseus 
was smallest in seagrass beds, while average sizes in mangroves and on reefs 
were similar. The size at which Lutjanus griseus becomes sexually mature is 
about 25 cm (Starck, 1971; Claro, 1983), and individuals of this size have been 
observed in mangroves as well as on the reef. Since small juveniles of Lutjanus 
griseus were only observed in bay habitats, and spawning occurs on the reef or 
shelf edge (Claro, 1983), it is assumed that it is a ‘nursery species’ as well, and 
that it migrates according to the above mentioned Long Distance PLCM 
pattern. This distribution pattern fits the observed size-distribution by other 
authors well (e.g. Parrish, 1989 and references therein; Rutherford et al., 1989; 
Appeldoorn et al., 1997), with larger individuals found progressively off-shore.
Three species, Haemulon flavolineatum, Ocyurus chrysurus and Scarus iserti, 
showed similar size-frequency distribution patterns with three spatially 
separated groups that were statistically different: small juveniles in the mouth 
of the bay, larger individuals in seagrass beds and mangroves located deeper 
into the bay and (sub-) adults on the reef. This spatial distribution suggests a 
more specific Life Cycle Migration that involves more than one direction of 
migration, and is hence termed Stepwise PLCM. Post-larvae of these species 
settle in the mouth of the bay, after which they migrate deeper into the bay to 
grow up to a size large enough to migrate to and dwell on the reef. Most 
migrants into coastal regions come from the open sea (Blaber, 1997). These are 
in-out migrations: juveniles or adults or both migrate into an estuarine or 
coastal area for a certain period, after which they return to the open sea or 
coral reef. De Sylva (1963) describes a distribution pattern of Sphyraena
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barracuda that is coherent to the Stepwise PLCM patterns that were found in 
our study. Post-larvae and juveniles of this piscivore move from coastal 
shallows to reed beds or mangroves, followed by a migration to open sea.
Juveniles of Scarus taeniopterus and Acanthurus bahianus were only found in 
the mouth of the bay and on the reef. Small juveniles of Acanthurus bahianus 
were only observed in seagrass beds in the mouth of the bay and in the reef 
flats, while adults occurred almost exclusively on the reef. These two species 
display a type of Short Distance PLCM in which larvae partly settle in the 
mouth of the bay and partly in the reef flats, to reach a size at which they 
migrate to deeper reef habitats.
Interestingly, some congeneric species appeared to display different directions 
of migration at similar sizes. Scarids of similar sizes are found mixed in the 
mouth of the bay, but one species then migrates to reef habitats (Scarus 
taeniopterus), and the other migrates deeper into the bay and only dwells on 
the reef at larger sizes (Scarus iserti). Leaving unidentifiable scarids smaller 
than 5 cm out of the data sets did not affect conclusions regarding the spatial 
migration patterns of these species, since this size-class was almost exclusively 
found in the mouth of the bay. Apparently, both scarids settle in seagrass beds 
and mangroves located in the mouth of the bay, after which each migrates in 
an opposite direction. The same difference is observed when comparing the 
migration patterns of Acanthurus chirurgus and A. bahianus. Of Acanthurus 
bahianus it is known that behavioural interactions are size-related and can 
affect distribution, abundance and early post-settlement persistence of settlers 
(Risk, 1998), while post-settlement habitat selection is important in creating 
spatial patterns of recruitment (Sponaugle & Cowen, 1996). This means that 
competitive congeneric species can alleviate competition on the reef by 
temporary spatial separation.
Possible explanations for different spatial size-frequency distributions of post­
settlement fishes involve variability in mortality rates, growth, settlement 
patterns and migration patterns. Since the abundance of predators is much 
lower in the bay than on the reef (Nagelkerken et al., 2000a) as is generally 
the case (Shulman, 1985; Parrish, 1989), differences in mortality rates may 
explain the high abundance of juveniles in bay habitats and the reduced 
numbers on the coral reef. In fact, reduced mortality among juveniles in 
nursery habitats is often ascribed to reduced predator abundance or efficiency 
(e.g. Heck & Crowder, 1991; Robertson & Blaber, 1992). This, however, cannot 
explain the lower number of (sub-) adults in mangrove and seagrass habitats 
or the low numbers of the smallest juveniles in the habitats that are located 
deep in the bay. Also, abundance and availability of food items (such as 
benthic and planktonic invertebrates, epifauna and epiphytes) is much higher 
in the bay habitats of Spanish Water Bay than on the nearby coral reef
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(Cocheret de la Moriniere et al., subm.), which could not result in lower growth 
rates of fishes in the bay. Variability in growth rate is therefore another 
unlikely explanatory factor for the fact that the largest individuals of nursery 
species are usually found on the coral reef. The spawning seasons of the 
selected species are largely during the study period (Munro et al., 1973), and 
regular settlement (no major peaks) of post-larvae was observed for most of the 
species during the study. Considering all these processes, migration from 
nursery ground to coral reef habitat seems a logical explanation for the spatial 
distribution of size-classes of these fish species, and migratory patterns can be 
inferred. The stability of such patterns and the validity of actual migrations 
must be tested in further studies.
Figure 5: Three types of migration among nurseries and the coral reef. Route 1 depicts the 
Short Distance PLCM, route 2 Stepwise PLCM, and route 3 Long Distance PLCM (explanation see 
text).
Conclusions
Taking day-to-day variations in fish density and size-frequency into account 
over a five-month period, spatial patterns emerge for the selected fish species. 
Of some species, all size-classes that occurred in bay habitats appeared to 
prefer mangroves as daytime resting sites, while others were only found in 
seagrass beds. Other species utilised and preferred mangroves and seagrass 
beds at different sizes, and preference for mangroves of some species increased 
with increasing size-class.
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The size-frequency distribution patterns of Haemulon flavolineatum , H. 
sciurus, Acanthurus chirurgus, Lutjanus apodus, Scarus iserti, and Ocyurus 
chrysurus in mangroves and seagrass beds and on the reef suggest a size-range 
for each species over which the juveniles start migrating to the coral reef. In 
the case of Scarus taeniopterus this migration from nursery habitat to coral 
reef appears to take place rather abruptly, while individuals of Acanthurus 
bahianus may migrate to reef habitats at all sizes.
Haemulon sciurus, Lutjanus apodus, L. griseus, and Acanthurus chirurgus 
display Long Distance PLCM; Haemulon flavolineatum, Ocyurus chrysurus 
and Scarus iserti use Stepwise PLCM; Scarus taeniopterus and Acanthurus 
bahianus are retained within a small distance from the reef (Short Distance 
PLCM). These different migration patterns are depicted in Fig. 5. The fact that 
some species carry out specific directional migrations and congeners may 
migrate to different areas raises questions concerning the mechanisms that 
trigger these migrational options, and their ecological or evolutionary 
meaning. This also urges scientists to view the ‘nursery question’ not only from 
the point of view of benevolence of nursery areas, but asks for argumentation 
that will elucidate why a species shows a particular migration pattern or why 
it does not.
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Abstract
Mangroves and seagrass beds are widely recognised as nurseries for a number 
of coral reef fish, but little is known about the year-to-year stability of the 
spatial distribution patterns of different size-classes. To investigate this, nine 
coral reef fish species were selected based on their high abundance in 
nurseries in a tropical non-estuarine bay. These species were surveyed (by 
means of visual census) during daytime in mangrove, seagrass and coral reef 
sites in two consecutive years. Using nested ANOVA’s and Tukey Kramer HSD 
testing, three size-distribution patterns were distinguished, which suggested 
three types of Post-settlement Life Cycle Migrations (PLCM). Each of the fish 
species showed the same spatial distribution of size-classes in the two years 
under study. One of the PLCM patterns involved post-settlement migration to 
seagrass habitats deeper into the bay (away from the coral reef), before 
migrating to the adjacent coral reef. The importance of environmental factors 
(food abundance, habitat complexity, and chemical or physical conditions) in 
providing a gradient for the three species migrating deeper into the bay was 
tested with a Principal Component Analysis. Seagrass characteristics (shelter) 
and food abundance in seagrass beds showed much higher correlation with the 
spatial size-distribution of the fish than did physicochemical factors such as 
salinity, turbidity, or water temperature. The high fidelity of these fish species 
to a specific spatial size-distribution pattern in both consecutive years, 
regardless of temporal variability in fish densities, strongly underlines the 
species-specific nature of the role that nurseries play for coral reef fish.
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Introduction
Mangroves and seagrass beds are considered nurseries for some reef fish 
species in the Indo-Pacific Ocean and in particular in the Western Atlantic 
(Pollard 1984; Parrish 1989). The benevolence of such nurseries to reef fish 
species has been explained by various authors in terms of shelter against 
predators, high interception rate of the vegetation to planktonic larvae, 
temporary alleviation of competition with other reef inhabitants, or high food 
availability (Odum and Heald 1972; Carr and Adams 1973; Ogden and 
Ziemann 1977; Blaber and Blaber 1980; Shulman 1985; Parrish 1989; Heck 
and Crowder 1991; Robertson and Blaber 1992; Cocheret de la Moriniere et al. 
in press). The size-related association of juvenile reef fishes with particular 
shallow-water nursery habitats can be described as life cycle migration 
patterns (e.g. Weinstein and Heck 1979; Yanez-Arancibia et al. 1988; 
Appeldoorn et al. 1997; Cocheret de la Moriniere et al. in press), since the 
spatial separation of size-classes of a fish species suggests movement from one 
habitat to another. Indeed, such migrations have been inferred for many fish 
species with larger individuals found progressively off-shore (Werner and 
Gilliam 1984; Ross 1986). This inference applies to the nursery concept as well: 
it intrinsically proposes that sub-adult reef fishes migrate from nursery 
habitats (in many cases seagrass beds and/or mangroves) to the coral reef.
In Spanish Water Bay (Curasao, Netherlands Antilles), a number of reef fish 
species were identified as nursery fish species (Nagelkerken et al. 2000a), 
since juveniles of these species were predominantly found in the bay habitats 
and adults were observed almost exclusively on the adjacent coral reef. The 
spatial size-frequency distribution of nine of the most abundant nursery 
species in this bay was studied in detail by Cocheret de la Moriniere et al. (in 
press) in 1998, and three types of Post-settlement Life Cycle Migration 
(PLCM) patterns were derived. Some of the selected nursery fish species 
(Acanthurus chirurgus, Haemulon sciurus, Lutjanus apodus, L. griseus) 
appeared to simply settle and grow up in bay habitats such as seagrass beds 
and mangroves, and then to migrate to the coral reef in a later stage. This 
Long Distance PLCM is the type of nursery-to-reef migration that can be 
expected from any reef fish species that uses alternative habitats as nurseries. 
However, specific size-distribution patterns emerged when the spatial size- 
distribution of fish over sites was studied. Juveniles of Acanthurus bahianus 
and Scarus taeniopterus were found only in nursery habitats at close proximity 
to the reef or on the reef flat, and their migration pattern concerned a limited 
scale (Short Distance PLCM). A third migration model was suggested by the 
Stepwise PLCM of three species (Haemulon flavolineatum, Ocyurus chrysurus, 
Scarus iserti), in which juveniles settle in the mouth of the bay, then migrate 
to habitats deeper into the bay to grow up there, after which they migrate in
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opposite direction, to take up permanent residence on the coral reef. Some 
species of congeneric species pairs used different migration patterns, thereby 
temporarily alleviating (size-related) competition, and some species showed 
strong association with either mangrove or seagrass beds in the bay.
Possible biological and physical mechanisms instigating or promoting these 
migrations from one habitat to another are: a) physical environmental factors 
(turbidity, temperature, salinity, depth, habitat complexity, etc.), or gradients 
and seasonal changes therein, may mark the migratory pathways (derived 
from e.g. Blaber 1997); b) physiological or morphological changes in the 
juveniles (e.g. photon receptor sensitivity, development of gonads, development 
of swimming or navigational capabilities) may increase home range or 
susceptibility to environmental gradients (derived from e.g. Helfman et al. 
1982; Gerking 1994; Hyndes et al. 1997); c) ontogenetic changes in feeding 
strategy (e.g. from zoobenthivory to piscivory) leading to a larger home range 
may increase the chance of accidentally finding the reef habitat (derived from 
e.g. Edgar and Shaw 1995a and 1995b; Muñoz and Ojeda 1998); d) spatial 
distribution of food abundance or food types may determine habitat choice 
(derived from e.g. Brook 1977; Parrish and Zimmerman 1977; Edgar and Shaw 
1995a and 1995b). A study of ontogenetic diet shifts of Haemulidae (grunts) 
and Lutjanidae (snappers) in Spanish Water Bay showed that trophic factors 
(and not sexual maturation) may lead to Post-settlement Life Cycle Migrations 
of some snapper species from nursery habitats in the bay to coral reef habitats, 
while the nursery-to-reef migrations of the selected grunt species were likely 
driven by either sexual maturation or diet changes (Cocheret de la Moriniere 
et al. subm.).
We revisited Spanish Water Bay in 1999 to establish the stability and validity 
of the three spatial distribution patterns of these fish species, and to further 
investigate the role of various factors involved in triggering or promoting such 
migrations. Environmental variables and habitat characteristics were 
measured to test their possible role in the Stepwise PLCM in which juvenile 
reef fishes migrate progressively deeper into the bay before moving to the coral 
reef. The following questions will be addressed:
1. Are the densities of the selected fish species in the various habitats 
similar in both years?
2. Are the spatial size-distribution patterns of the selected fish species 
stable in both years?
3. Which of the environmental gradients and habitat characteristics may 
best explain the migration from habitats in the mouth of the bay to 
habitats deeper into the bay?
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Materials and methods 
Study area
The present study was carried out in Spanish Water Bay in Curasao, 
Netherlands Antilles (Fig. 1). This 3-km2 bay is shallow (largely < 6 m deep), 
harbours extensive seagrass meadows and is fringed by mangroves 
(Rhizophora mangle). Water depths under mangrove canopies ranged between 
0.8 m and 1.8 m. These canopies provide dark habitats (average light 
extinction underwater was 85%, as opposed to 40% over seagrass beds). The 
seagrass beds are dominated by monospecific stands of Thalassia testudinum , 
sometimes mixed with Halimeda spp. algae (Kuenen and Debrot 1995).
There is no freshwater input into the bay other than rain, and salinity (avg. 
35.0 %o) was slightly higher than on the reef (avg. 34.5 %o) in 1998 and 1999. 
Bay water temperature averaged (± SD) 30.2 °C (± 0.8), while water 
temperature on the reef averaged (± SD) 28.9 °C (± 0.8) over the two years 
under study. Underwater visibility was high at all sites in both years, and 
averaged (± SD) 6.4 m (± 1.9) in the bay and 21.3 m (± 5.4) on the reef as 
measured by means of horizontal Secchi disk visibility. The average tidal 
amplitude in the area is 30 cm (De Haan and Zaneveld 1959).
The bay has a long (1 km) and narrow (70 m) entrance that connects it to the 
adjacent fringing coral reef. A detailed description of the reefs in the 
Netherlands Antilles can be found in Bak (1975).
Table  1. Size of the 35 transects in all sites and habitats. Site numbers 
correspond to Fig. 1. The reef site consisted of three replicate transects at three 
different depths.____________________________________________________________
Site # Habitat Transect # Width (m) Length (m) Area (m2)
1-6 Seagrass 1 3.0 50.0 150.0
2 3.0 50.0 150.0
3 3.0 50.0 150.0
2 Mangrove 1 1.3 37.5 48.8
2 1.3 40.0 52.0
3 1 1.1 73.0 80.3
4 1 1.4 43.0 60.2
2 1.3 10.0 13.0
6 1 2.1 38.0 79.8
2 1.4 37.0 51.8
3 1.5 31.0 46.5
7 Reef 1 (3*5  m depth) 3.0 50.0 150.0
2 (3*10 m depth) 3.0 50.0 150.0
3 (3*15 m depth) 3.0 50.0 150.0
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Figure 1: Location of the study sites in Spanish Water Bay. At site 1-6 the seagrass beds were 
censussed, while at site 2, 3, 4, and 6 mangroves were also surveyed. Site 7 was the reef site.
42
Chapter 3
Sampling design
A total of 35 permanent transects were established at 6 seagrass sites, 4 
mangrove sites, and 1 reef site (Table 1), covering a total area of about 4500 
m2. Each of the transects was censussed approximately 29 times during 
daytime from May through September 1998, and 23 times during daytime 
from June through October 1999. At each seagrass site, three permanent 3 by 
50 metres belt transects were placed, which were surveyed by snorkelling. 
Mangrove sites were selected adjacent to four of the seagrass sites (Fig. 1). The 
eight mangrove transects were censussed by snorkelers. At the reef site (Fig. 
1), three permanent 3 by 50 m belt transects were placed on the bottom at each 
of three depths (5, 10 and 15 m) parallel to the coastline, using nylon twine. 
The 5 m deep transects were placed where the sandy reef flat ends at the start 
of the ‘drop-off, the 10 m deep transects were located on the reef ‘drop-off 
whereas the 15 m deep transects were situated on the reef slope. At each 
depth, the three transects were placed 50 m apart from each other. The depth 
range was based on a pilot-study that showed that the selected species reached 
highest densities at depths less than 15 metres. Reef sites were censussed by 
SCUBA diving.
During visual surveys, individuals of the selected species were counted and 
their sizes estimated in size-classes of 2.5 cm. Underwater size estimation was 
trained with objects of known size. The three observers censussed all transects 
using an alternation system so that bias in size-estimation is equally 
represented in every transect. The observer effect was tested using a one-way 
ANOVA (see ‘Statistical analysis’ for further explanation). All juvenile fishes 
observed in this study were larger than 1 cm at settlement. Juvenile scarids 
smaller than 5 cm (TL) could not be identified to species level in the field, and 
were therefore left out of the data sets in the case of Scarus iserti and S . 
taeniopterus. Larger juveniles and (sub-) adults of these two species could be 
distinguished by the characteristics mentioned and shown in Humann (1996). 
All other fish species could be positively identified at all sizes.
Monitoring of environmental variables and measuring of habitat 
characteristics was focused on the seagrass sites in the bay. Surface water 
temperature, salinity, and underwater visibility were measured at each fish 
survey at each seagrass site in both 1998 and 1999. All other variables were 
sampled twice; once at the end of each study period. Habitat characteristics in 
seagrass sites and transects were depth, distance from the reef, food 
abundance in plankton, food abundance in seagrass sediment, seagrass shoot 
density, seagrass leaf density, seagrass leaf length, seagrass canopy height, 
and relative epiphyte biomass. Seagrass characteristics (shoot density, leaf 
density, leaf length and canopy height) were highly correlated, and therefore 
only seagrass canopy height was measured in 1999.
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Seagrass canopy height was determined by measuring the height of 
undisturbed seagrass vegetation canopies (50 times per transect). Seagrass 
shoot and leaf density and leaf lengths were sampled from three 0.25 m2 
quadrants per transect. Distance (from the reef) was presented as the distance 
a fish would have to swim from a site to the coral reef, relative to the 
maximum site distance from the reef (site 6, see Fig. 1). Relative epiphyte 
biomass was calculated by dividing epiphyte dry weight taken from a sample 
of seagrass leaves by the total dry weight of those epiphytes and seagrass 
leaves (three samples per transect). Food abundance in plankton and sediment 
was determined by sampling with sediment cores and plankton nets in all 
seagrass sites. The transects and sites used for collection of the invertebrate 
fauna in the bay, were the same as those used for the fish surveys. Three 
plankton and sediment core samples were collected from each transect, at the 
end of each study period. The sediment core samples were collected during 
daytime using a cylindrical PVC corer with a 5.4 cm internal diameter. The top 
layer (3 cm) of the sediment core samples was washed over a 250 ^m square- 
meshed sieve and the organisms separated. Total crustacean densities were 
expressed as the number of individuals per m2 (3 cm deep). Planktonic 
crustaceans were collected after dark using a plankton net with a 55 ^m mesh 
size and a gape diameter of 25 cm. First, a 3 m long rope was placed on the 
sediment. A few minutes later, the plankton net was hauled above this 3 m 
rope, just above the seagrass canopy. The planktonic fauna was expressed as 
the number of individuals per m3. Fauna from plankton nets and cores were 
treated with Rose Bengal dye to facilitate quantification and identification, 
and preserved in 70% (v/v) ethanol. Only the total sum of small crustaceans in 
each transect was used in the analyses in this study, since they make up more 
than 80% of total food abundance in plankton and cores by volume, and small 
crustaceans were a highly important component in fish stomachs of grunts and 
snappers (Nagelkerken et al. 2000b; Cocheret de la Moriniere et al. subm.).
Statistical analysis
For each fish species, mean size (cm) and density (N/100 m2) of the observed 
individuals was calculated for each transect at each survey (visual census). 
Survey averages of both size and density of the fish species were log(x+1) 
transformed and analysed in a nested ANOVA (GLM, SPSS 8.0) for unequal 
sample sizes, where sites were nested in habitats and survey averages and 
transects were treated as replicates within sites. Multiple comparisons of 
means within habitats (among sites) and among habitats, as well as among 
years, were analysed using a Tukey HSD Spjotvoll/Stoline test (Sokal and 
Rohlf 1995). Observer effect was tested by a one-way ANOVA on each of the 35 
transects, with observer identity as an independent variable and mean size or 
total density in the surveys as a dependent variable.
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None of the 35 ANOVA’s on observer effect produced significant differences (p 
< 0.05) in variance among size or density estimation among observers. 
Nagelkerken et al. (2000b) showed that mangroves are almost empty during 
the night and fish densities in shallow seagrass habitats are highly reduced at 
night. These fish species return to their daytime resting sites (mangroves and 
seagrass beds) every morning. Therefore, although located close together, 
mangrove and seagrass habitats are treated as independent habitats.
The data on environmental variables (water temperature, underwater 
visibility and salinity) were subject to both spatial and temporal variation. The 
effect of temporal variation on the fish size-frequency data was tested by 
calculation of correlations between the environmental data and average fish 
size per survey over the study periods, separately for each site and study year, 
using Pearson product-moment correlations.
Ordination of the logtransformed data of three Stepwise PLCM species (see 
‘Introduction’) was performed using the Canoco software package (Ter Braak 
and Smilauer 1998). For each of these three fish species, a matrix of densities 
per size-class of all the surveys was entered as ‘species data’, and a matrix of 
environmental variables and habitat characteristics of all the surveys was 
entered as ‘environmental data’. A few missing environmental values were 
substituted by the average of that environmental variable at the associated 
site. Detrended Correspondence Analysis (DCA) calculated a gradient length 
smaller than 2, indicating that the data do not show a strong unimodal 
response, and therefore a linear approach (PCA) was used (Ter Braak and 
Smilauer 1998). A Principal Component Analysis (PCA) was applied to 
examine the correlations between the various environmental factors and the 
spatial size-distribution of the three selected fish species. Scaling was focused 
on inter-species correlations, and species scores were divided by standard 
deviation. The species data table was centered by samples and by species.
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Results
Fish density and habitat association
Table 2 shows the averages and standard errors of sizes and densities of the 
selected species in all habitats in both years. In 1998 as well as in 1999, most 
species densities were significantly higher in the bay habitats than on the 
coral reef. Statistically significant differences between years always showed 
lower densities in 1999 than in 1998. Acanthurus chirurgus, Haemulon 
flavolineatum, H. sciurus, Lutjanus apodus and L. griseus showed a 
significantly higher density in mangroves than in seagrass beds in both years 
(Table 2). Both in 1998 and 1999, Scarus iserti densities were equally 
distributed over mangroves and seagrass beds, while densities of Ocyurus 
chrysurus and A. bahianus were highest in seagrass beds. Habitat association 
of S. taeniopterus differed between 1998 and 1999, due to extremely low 
numbers of this species in 1999 (0.06 /100 m2).
Long Distance PLCM: Size distribution over habitats
Average sizes of all fish species in mangroves and seagrass beds were 
significantly smaller than average sizes on the coral reef in both years, with 
the exception of Lutjanus griseus in mangroves in 1998 (Table 2). Statistically 
significant differences in average size of a species in a habitat between 1998 
and 1999 were between 1.0 cm and 3.1 cm. Minimum sizes on the reef are 
always larger than minimum sizes in the bay, indicating that the smallest 
individuals of these species occur only in mangroves and seagrass beds and not 
on the coral reef. Maximum size on the reef was always larger than maximum 
size in bay habitats, indicating that the largest individuals of these species 
occur only on the coral reef (with the exception of L. griseus in 1998, due to 
extremely low densities on the coral reef).
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Table 2; Mean size (cm) and density (N/100 m2) per species in each habitat (± Standard Errors; Minimum-Maximum). 
Significant differences (p<0.05) among sizes within a year are indicated with a, b, and c for each species. Significantly 
different means among densities within a year, are marked d, e, or f for each species. Different letters (a-f) mean that 
averages are significantly different. Significant different means among years within a species and within a habitat are
indicated by bold print._____________________________________________________________________________________ _
Year Mean Densities (± SE; Min-Max) Mean Size (± SE; Min-Max)
Mangrove Seagrass Reef Mangrove Seagrass Reef
Acanthurus bahianus 1998 - 4.3d (0.5; 0-43) 4.9d (1.6; 0-242) - 4.4a (0.1; 1.3-7.8) 12.9b (0.6; 3.8-21.3)
1999 -- 0.5d (0.1; 0-6) 3.7e (0.3; 0-32) -- 4.1a (0.2; 1.3-6.3) 13.5b (0.2; 6.5-23.8)
Acanthurus chirurgus 1998 3.3d (0.3; 0-26) 0.9e (0.2; 0-47) 2.8f (0.9; 0-169) 13.0a (0.3; 3.8-21.3) 11.0b (0.3; 1.2-18.8) 17.0C (0.5; 8.8-25.0)
1999 0.6" (0.1; 0-6) 0.2e (0.0; 0-9) 0.8f (0.1; 0-17) 12.6a (0.4; 8.8-16.3) 7.9b (0.6; 1.3-13.8) 16.9° (0.2; 10.8-23.8)
Haemulon flavolineatum 1998 99.8d (12.2; 0-1213) 32.1e (1.7; 0-304) 3.2f (0.4; 0-42) 8.8a (0.2; 1.5-16.3) 7.7b (0.1; 3.0-16.3) 15. l c (0.2; 5.0-22.8)
1999 83.0d (8.6; 0-548) 6.2e (0.6; 0-101) 1.7f (0.1; 0-9) 7.1a (0.3; 1.3-18.8) 7.6a (0.2; 1.3-21.3) 15.2b (0.2; 10.8-23.3)
Haemulon sciurus 1998 18.2d (1.2; 0-125) 5.7* (0.3; 0-60) 0.3f (0.0; 0-5) 12.3a (0.2; 3.8-24.8) 11.5b (0.1; 3.8-18.8) 21.5° (0.3; 16.3-28.8)
1999 7.6d (0.9; 0-90) 1.9e (0.2; 0-39) 0.4f (0.1; 0-8) 11.6a (0.3; 4.3-21.0) 11.0* (0.2; 3.3-21.3) 21.4b (0.6; 6.3-36.3)
Lutjanus apodus 1998 24.7d (1.4; 0-139) 0.3e (0.1; 0-51) 1.0f (0.1; 0-9) 12.3a (0.2; 3.1-20.1) 11.3a (0.5; 1.6-20.1) 18.5b (0.5; 11.3-38.3)
1999 33.6d (4.3; 0-384) 0.2® (0.1; 0-30) 0.7f (0.1; 0-11) 10.7a (0.2; 3.8-17.3) 9.5b (0.5; 3.8-16.3) 18.4° (0.3; 11.3-31.3)
Lutjanus griseus 1998 8.1d (0.8; 0-69) 0.5e (0.1; 0-23) 0 ^  (0.0; 0-3) 14.2a (0.3; 6.3-23.8) 12.6b (0.3; 6.3-23.8) 16.6a (1.1; 13.8-21.3)
1999 3.0d (0.4; 0-38) 0.3e (0.1; 0-7) 0. l e (0.0; 0-6) 11.2a (0.4; 6.3-21.3) 11.4a (0.4; 6.3-18.8) 17.0b (0.9; 13.8-25.0)
Ocyurus chrysurus 1998 2.1d (0.4; 0-427) 3.6e (0.4; 0-387) 4.1e (0.5; 0-45) 9.3a (0.4; 1.3-21.3) 9.8a (0.2; 1.3-21.3) 17. l b (0.3; 11.3-23.8)
1999 2.6d (0.4; 0-26) 3.6e (0.4; 0-97) 1.9d (0.2; 0-27) 8.8a (0.4; 2.5-18.8) 8.6a (0.1; 1.9-15.4) 15.8b (0.3; 8.8-33.8)
Scams iserti 1998 11.5“ (2.0; 0-384) 13.3d (1.3; 0-327) 2.9e (0.2; 0-27) 8.1a (0.3; 5.0-16.3) 7.8a (0.1; 5.0-13.8) 11.9b (0.3; 8.1-22.5)
1999 3.0de (0.9; 0-135) 5.5d (0.6; 0-135) 2.2e (0.1; 0-13) 7.4a (0.3; 5.0-13.8) 7.7a (0.1; 5.0-13.8) 13.0b (0.3; 7.9-21.3)
Scarus taeniopterus 1998 6.3d (1.3; 0-147) 1.7* (0.3; 0-73) 3.6f (0.2; 0-17) 6.3a (0.0; 6.3-6.3) 6.4a (0.0; 6.3-6.3) 16.4b (0.3; 8.8-28.8)
1999 ~ 0.1d (0.1; 0-25) 2.4e (0.2; 0-10) - 8.1a (0.4; 5.0-11.3) 15.4b (0.2; 7.6-23.8)
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Stepwise PLCM: Size distribution over bay sites
When sizes were compared among sites within each habitat (ANOVA), 
heterogeneous size distribution patterns over sites emerged for some species 
(Table 3). In 1998, the extremely low (0.09 /100 m2) densities of small 
individuals of Haemulon sciurus at site 2 are responsible for significant 
differences among seagrass sites. Significant difference among mangrove sites 
for H. sciurus in 1999 was explained by the significantly larger mean size at 
mangrove site 6, but no patterns could be derived from that. Significant 
differences in variance among seagrass sites for Lutjanus griseus and among 
mangrove sites for L. apodus in 1999 did not result in statistical difference 
among means (Tukey Kramer HSD). Acanthurus chirurgus showed no 
significant differences among sites. The other species are discussed below.
Tab le  3: One-way Analysis of variance of sizes among sites within each 
bayhabitat. Bold print represents significant p-values (< 0.05). ANOVA could not 
be applied to mangrove data of A. bahianus and S. taeniopterus, since they were 
observed in less than two mangrove sites. Significant p-values indicate that 
variance of sizes of a fish species is not homogeneously distributed over sites 
within that habitat.
Mangrove Seagrass
1998 1999 1998 1999
Acanthurus bahianus 0.44 0.88
Acanthurus chirurgus 0.20 0.63 0.16 0.24
Haemulon flavolineatum <0.01 0.22 <0.01 <0.01
Haemulon sciurus 0.20 <0.01 <0.01 0.11
Lutjanus apodus 0.15 0.01 0.16 0.16
Lutjanus griseus 0.35 0.21 0.27 0.01
Ocyurus chrysurus 0.10 <0.01 <0.01 <0.01
Scarus iserti <0.01 <0.01 <0.01 <0.01
Scarus taeniopterus <0.01 0.03
Figure 2 shows the average size and standard deviation at each site of
Haemulon flavolineatum, Scarus iserti, and Ocyurus chrysurus in 1998 and 
1999. In both years, average sizes of these species at seagrass sites 1 and 2 
(Fig. 1) are significantly smaller than average sizes at the other seagrass sites. 
For the mangroves a similar trend was observed, but differences were not 
always significant. In Fig. 3, average frequency of each size-class is depicted as 
the percentage of the total frequency of a species in that size-class, for each of 
the six seagrass sites and for each year. More than 80% of H. flavolineatum  
observed at seagrass site 1 and 2 were smaller than 5 cm, whereas fish density 
of this size-class averaged less than 30% of total fish density at sites located 
deeper in the bay in both years (Fig. 3a and 3b). The seagrass sites 1 and 2 are 
also dominated by relatively high numbers of S. iserti of the size-class 5.0-7.5
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cm, while the relative importance of this size-class strongly declines, 
progressively deeper in the bay (i.e. further away from the coral reef) in both 
years (Fig. 3c and 3d). The same spatial distribution pattern is valid for O. 
chrysurus in 1998 and 1999; the importance of the smallest size-classes 
decreases with increasing distance from the reef, and the size-class of 0.0-5.0 
cm almost exclusively occurs at seagrass site 1 and 2 (Fig. 3e and 3f).
A.
Haem ulon flavolineatum
M3 MS S2 S4 SS Reef M2 M4 S1 S3 S5
SITES
B.
Scarus iserti
SITES
C.
SITES
Figure 2: Mean sizes (±  Standard Deviation) at each site of Haemulon flavolineatum (a ), 
Scarus iserti (b), and Ocyurus chrysurus (c). Seagrass and mangrove habitats were indicated 
with 'S ' or 'M', respectively. Different letters mean that the averages of the sites are statistically 
different. S. iserti was not observed at mangrove site 3 (M3).
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A. Haemulon flavolineatum 1998 B. Haemulon flavolineatum 1999
C. Scarus iserti 1998 D. Scarus iserti 1999
E. Ocyurus chrysurus 1998 F. Ocyurus chrysurus 1999
1 2 3 4 5 6  1 2 3 4 5 6
Figure 3: Average relative densities of Haemulon flavolineatum (A and B), Scarus iserti (C and 
D), and Ocyurus chrysurus (E and F) in 1998 and 1999 at the six seagrass sites, calculated per 
size-class (in cm).
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Tabe l 4: Environmental and biological variables (average ± SD) of seagrass sites, 
measured in both 1998 and 1999. Site numbers 1-6 indicate seagrass sites (see Fig. 
1).
Site Water
visibility
(m)
Salinity
(PPt)
Temperature
(°C)
Small 
crustaceans 
(plankton, N/m3)
%Epiphyte Canopy height 
cover (cm)
Small 
crustaceans 
(sediment, N/m )
1998
1 8.3 (2.1) 34.8 (0.3) 30.3 (0.8) 3327 (1008) 21.0 (4.6) 12.1 (1.4) 44246 (9266)
2 5.2 (0.9) 35.1 (0.4) 29.8 (0.8) 2112 (388) 32.5 (9.2) 7.3 (3.0) 18193 (9669)
3 6.3 (1.2) 35.3 (0.3) 30.0 (0.8) 4534 (727) 12.9 (5.8) 25.3 (5.6) 79468 (38934)
4 8.1 (1.6) 35.4 (0.2) 30.2 (0.8) 2902 (629) 18.4 (7.5) 27.9 (4.4) 82961 (45880)
5 5.2 (0.9) 35.1 (0.4) 29.8 (0.8) 8484 (2395) 22.4 (3.3) 28.4 (7.1) 191976 (104588)
6 6.3 (1.1) 35.5 (0.2) 30.6 (0.6) 10374 (989) 23.2 (5.4) 38.4 (7.1) 89074 (8722)
1999
1 8.0 (2.4) 34.6 (0.5) 30.3 (0.6) 3582 (1282) 20.7 (6.5) 13.0 (2.0) 39079 (3396)
2 4.7 (0.9) 34.9 (0.5) 30.2 (0.8) 2098 (547) 34.4 (12.1) 7.5 (3.7) 12663 (1853)
3 6.0 (1.0) 34.9 (0.6) 30.0 (0.8) 2957 (879) 18.5 (6.1) 22.8 (4.9) 63313 (38285)
4 6.2 (0.8) 35.1 (0.7) 30.0 (0.8) 4516 (1028) 22.7 (0.9) 29.0 (5.2) 88201 (63603)
5 7.3 (1.7) 35.0 (0.6) 30.4 (0.7) 7324 (2982) 22.1 (4.6) 28.6 (2.1) 102083 (8834)
6 5.2 (1.0) 35.1 (0.5) 30.3 (0.8) 9843 (514) 26.3 (1.8) 38.1 (3.0) 85363 (8336)
Tab le  5: Environmental and biological variables (average ± SD) of seagrass sites, 
measured in 1998. Site numbers 1-6 indicate seagrass sites (see Fig. 1). 'Distance 
from reef' was expressed as the distance a fish would have to swim from a site to 
the coral reef, relative to the swimming distance of the farthest site to the coral 
reef (site 6 to site 7).______________________________________________________
Site Distance 
from reef
Water 
depth (cm)
Leaf length Leaf 
(cm) density(N/m2)
Shoot density 
(N/m2)
1 0.20 85.9 (5.9) 26.6 (7.8) 1247 (167) 4 -i^ 00 (63)
2 0.50 88.2 (5.8) 20.8 (5.5) 647 (226) 442 (80)
3 0.80 125.7 (8.1) 35.5 (8.0) 647 (148) 213 (37)
4 0.90 118.7 (7.4) 34.3 (7.3) 743 (131) 212 (38)
5 0.95 88.2 (5.8) 38.0 (9.5) 745 (262) 202 (74)
6 1.00 105.5 (5.9) 40.5 (8.5) 574 (147) 156 (42)
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In search of an explanation for the spatial size-distribution of these three 
species over seagrass sites within the bay, environmental variables and 
habitat characteristics were measured. These factors are summarised in 
Tables 4 and 5. The relationships between these factors and the spatial size- 
distributions of the three Stepwise PLCM species in the bay (Haemulon 
flavolineatum, Scarus iserti, and Ocyurus chrysurus) were tested with a 
Principal Component Analysis (PCA). Fig. 4 shows the PCA of the size- 
frequency distributions of these three species and the environmental factors 
and habitat characteristics in 1998 and 1999. The ordination axes were 
calculated from variation in size-frequencies of each fish species, and the 
correlations of the environmental factors with the first two ordination axes 
were projected upon these axes (see ‘Materials and Methods’). The percentage 
of variance explained by the first two axes in these PCA analyses was between 
67% and 83% in each case, with cumulative species-environment correlations 
of the first two axes between 82% and 96%. In all cases, the environmental 
variables (underwater visibility, salinity and water temperature) appeared to 
be relatively unimportant in explaining the size-distribution of these three 
species in seagrass beds (Fig. 4). In both years, factors concerning food and 
shelter appeared highly important in explaining the spatial heterogeneity of in 
the size-frequency distributions of these species in seagrass beds (Fig. 4). 
However, the importance of such factors cannot be ascribed to any of those 
factors individually, since they are strongly related to each other. Table 6 
presents the Pearson product-moment correlations of the pooled data on 
environmental and biological variables of both years. High r-values were found 
for correlations among seagrass vegetation characteristics such as seagrass 
leaf length, canopy height, leaf density and shoot density. Abundance of small 
crustaceans in plankton was strongly correlated with the abundance of benthic 
crustaceans, and both were highly correlated with seagrass characteristics and 
distance from the reef (Table 6). The transect depth in seagrass beds showed 
high r-values with relative epiphyte biomass on seagrass leaves.
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Figure 4: PCA of size-frequency distributions of Haemulon flavolineatum (A, B), Scarus iserti 
(C, D), and Ocyurus chrysurus (E, F) in 1998 and 1999. Correlations of factors with the first and 
second axis are projected by dotted arrows. Factors with r < 0.20 (correlation coefficient) are 
not shown. The percentage of variance explained by the axis is shown right under or just to the 
left of the axis.
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T a b le  6: Pearson product-m om ent corre lations o f environm ental data and habitat characteristics in 1998 and
1998. R-values larger than 0.6 or sm aller than -0 .6  are printed bold.______________________________________________
________________ Distance Temperature Visibility Salinity Depth Plankton Benthos %Epiphytes Leaf length Canopy height Leaf density
Distance from reef 1.00
Temperature -0.02 1.00
Visibility -0.21 0.30 1.00
Salinity 0.34 -0.11 -0.02 1.00
Water depth 0.58 -0.08 0.00 0.23 1.00
Plankton density 0.64 0.14 -0.10 0.18 -0.03 1.00
Benthos density 0.60 0.00 0.00 0.12 -0.01 0.63 1.00
%Epiphyte cover -0.28 0.05 -0.29 -0.05 -0.72 0.00 -0.29 1.00
Leaf length 0.82 0.05 0.00 0.23 0.49 0.79 0.73 -0.57 1.00
Canopy height 0.87 0.07 -0.05 0.28 0.52 0.83 0.62 -0.46 0.97 1.00
Leaf density -0.78 0.05 0.47 -0.30 -0.46 -0.33 -0.20 -0.11 -0.39 -0.49 1.00
Shoot density -0.92 0.03 0.39 -0.33 -0.48 -0.52 -0.43 0.02 -0.60 -0.69 0.96
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Underwater visibility, salinity, and water temperature were measured with 
each survey, and the variation in the data sets of these variables is determined 
by both spatial and temporal dimensions. Hypothetically, temporal variation 
could interfere with spatial effects, obscuring correlations between 
environmental factors and fish densities per size-class in the PCA analyses 
described above. Therefore, the effect of temporal variation of the 
environmental variables was tested on all the surveys for each species within 
each site, thereby eliminating spatial distribution effects. Within each site, 
correlations between environmental variables (temperature, underwater 
visibility and salinity) and fish size were never significant (Pearson 
correlation, p  > 0.05) and r-values were never higher than 0.4 and mostly 
smaller than 0.2. Temporal variation in the factors underwater visibility, 
salinity, and water temperature is therefore regarded insignificant to the 
distribution of size-classes of these fishes.
Short Distance PLCM
Both in 1998 and in 1999, Scarus taeniopterus and Acanthurus bahianus were 
found only in the mouth of the bay (site 1 and 2, Fig. 1) and on the coral reef 
(Fig. 5). Small juveniles of S. taeniopterus and A. bahianus were found 
predominantly in the mouth of the bay (at site 1 and 2, Fig. 1), while larger 
juveniles and adults were found mostly on the nearby coral reef. Maximum 
sizes of these species on the coral reef are much larger than maximum sizes in 
seagrass beds or mangroves in the mouth of the bay (Table 2).
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Figure 5: Mean sizes (±  Standard Deviation) at each site of Scarus taeniopterus (A) and 
Acanthurus bahianus (B). Seagrass and mangrove habitats were indicated with 'S ' or 'M', 
respectively. Different letters mean that the averages of the sites are statistically different. Both 
species were only observed at sites 1 and 2 (Fig. 1), and A. bahianus was only encountered in 
seagrass sites.
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Discussion
Explanations for different spatial size-frequency distributions of fishes involve 
variability in mortality rates, growth, settlement patterns and migration 
patterns. Since the abundance of predators is much lower in the bay than on 
the reef as is generally the case (Shulman 1985; Parrish 1989), differences in 
mortality rates may explain the high abundance of juveniles in bay habitats 
and the reduced juvenile densities on the coral reef. In fact, reduced mortality 
among juveniles in nursery habitats is often ascribed to reduced predator 
abundance or efficiency (e.g. Heck and Crowder 1991; Robertson and Blaber 
1992). This, however, cannot explain the lower number of (sub-) adults in 
mangrove and seagrass habitats or the low numbers of the smallest juveniles 
in the habitats that are located deep in the bay. Also, abundance and 
availability of food items (such as benthic and planktonic invertebrates, 
epifauna and epiphytes) is much higher in the bay habitats of Spanish Water 
Bay than on the nearby coral reef (Nagelkerken et al. 2001; Cocheret de la 
Morinière et al. subm.), which could not result in lower growth rates of fishes 
in the bay. Variability in growth rate is therefore another unlikely explanatory 
factor for the fact that the largest individuals of nursery species are usually 
found on the coral reef. The spawning seasons of the selected species are 
largely during the study period (Munro et al. 1973), and regular settlement (no 
major peaks) of post-larvae was observed for most of the species during both 
study periods. Considering all these processes, migration among nursery 
grounds and to coral reef habitat is a plausible explanation for the spatial 
distribution of size-classes of these fish species.
Density distribution
Patterns in habitat association were very similar among years, despite lower 
average densities in 1999 as compared to 1998. Habitat association with 
mangroves was stronger than with seagrass beds for Haemulon flavolineatum, 
H. sciurus, Acanthurus chirurgus, Lutjanus apodus and L. griseus in both 
years (based on average densities). This confirms that mangrove habitats in 
Spanish Water Bay, sometimes marginal strips of vegetation, are in fact highly 
important daytime resting sites for some abundant reef fish species. Other 
studies have also shown that mangroves can harbour higher densities of 
juvenile fishes than adjacent habitats (Thayer et al. 1987; Robertson and 
Blaber 1992; Sedberry and Carter 1993; Nagelkerken et al. 2000a).
57
Stability of spatial size-distributions of reef fish
The level of association of these fish species with mangroves or seagrass beds 
in the situation where both habitats occur, however, is no indication of the 
level of dependence on these habitats. From comparisons among bays with and 
without mangroves or seagrass beds on Curasao (Nagelkerken et al. 2001), we 
know for example that species that showed strong association with mangroves 
(H. sciurus, L. apodus, L. griseus) depend largely on the presence or absence of 
seagrass beds, while H. flavolineatum , S. taeniopterus and A. chirurgus can 
also use the reef flat as an alternative habitat. Given the choice, such species 
apparently prefer mangroves as daytime resting sites for shelter, while their 
dependence on seagrass beds is best explained by the larger abundance of food 
in seagrass habitats in which they forage at night (Nagelkerken et al. 2001; 
Cocheret de la Morinière et al. subm.). Ocyurus chrysurus and A. bahianus 
showed stronger association with seagrass beds than with mangroves in both 
years, while the densities of Scarus iserti were similar in seagrass and 
mangrove habitats. Only S. taeniopterus showed different habitat association 
in the two study periods, due to extremely low densities of individuals in 1999.
Long Distance PLCM
Minimum size of the individuals of the selected species on the coral reef was 
always larger than minimum size of individuals in seagrass and mangrove 
habitats. All selected fish species were found at significantly smaller average 
sizes in seagrass beds and mangroves than on the adjacent coral reef, with the 
exception of Lutjanus griseus in 1998. This species is still regarded as a 
nursery species since large individuals only spawn on the coastal shelf or reef 
edge (Claro 1983) and juveniles of this species were not found on the coral reef. 
It can therefore be concluded that all of the selected reef fish species are 
nursery species, and that this spatial distribution pattern is stable in both 
years under study. The distribution pattern suggests that juveniles settle and 
grow up in seagrass and mangrove habitats in the bay, after which they 
migrate to adjacent reef habitats to take up permanent residence. In 1998 and 
1999, mean size of all nine species on the coral reef adjacent to Spanish Water 
Bay was always smaller than or corresponded to the approximate mean total 
lengths at which these species become sexually mature (Robertson and Warner 
1978; Munro 1983; Cocheret de la Morinière et al. in press; Munro pers. 
comm.). The timing of migration from nursery to the adjacent coral reef may be 
triggered by development of the gonads. In the case of L. apodus and Ocyurus 
chrysurus, however, this nursery-to-reef migration is more likely caused by 
diet shifts than by sexual maturation. Sexual maturity of L. apodus and O. 
chrysurus is reached at sizes much larger than fish size at the major diet shift, 
while the size at this dietary changeover corresponds to the smallest size at 
which these species were observed on the adjacent reef (Cocheret de la 
Morinière et al. subm.).
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Though all species are nursery species, only three reef fish species (H. sciurus, 
L. apodus, L. griseus) can be classified as Long Distance PLCM (Post­
settlement Life Cycle Migration) species, which is a migration pattern that 
simply involves settlement in nursery habitats followed by a nursery-to-reef 
migration at a later stage in their life. From comparisons of the data between 
nursery habitats, spatial size-distributions emerge for the other species 
(discussed below), which can be categorised as different migration patterns.
Stepwise PLCM
Three species (Haemulon flavolineatum, Scarus iserti, Ocyurus chrysurus) 
displayed a spatial size-distribution, in which the smallest juveniles were 
found mostly in the mouth of the bay, larger individuals were observed in 
habitats deeper into the bay, and largest individuals were encountered on the 
coral reef. This spatial distribution suggests a migration pattern in which 
juveniles of these species settle in the mouth of the bay, then migrate to 
habitats deeper into the bay (i.e. further away from the coral reef), after which 
they eventually migrate to the coral reef. Since this migration pattern involves 
two consecutive migrations in opposite direction, it was called Stepwise PLCM 
(Cocheret de la Moriniere et al. in press). This pattern was most evident in the 
seagrass sites, and the three species mentioned above show the pattern in both 
years under study, while the other species do not. In an attempt to explain the 
migration from seagrass habitats in the mouth of the bay to habitats deeper 
into the bay, a PCA was performed on size-frequency data and environmental 
factors (seagrass characteristics, food abundance, and physicochemical factors 
viz. water temperature, underwater visibility and salinity). Food abundance 
(planktonic and benthic crustaceans, mass percentage epiphytes on seagrass 
leaves), transect depth, and seagrass vegetation characteristics (leaf length, 
canopy height, shoot density, leaf density) explained much more of the 
variation in the size-frequency data than did the physicochemical factors 
(water temperature, underwater visibility, and salinity). Clearly, factors that 
are related to food and habitat complexity (and subsequent shelter from 
predators) are more important in the spatial distribution of these species in 
the non-estuarine Spanish Water Bay than are temperature, turbidity and 
salinity. The environmental factors were measured daily, and temporal 
variation was tested (Pearson correlation) against daily average fish size per 
site. Temporal variation of water temperature, underwater visibility and 
salinity appeared to be poorly correlated to daily average fish size of each 
species within each site. The spatial distribution of food abundance and 
vegetation characteristics therefore explain much more of the size-frequencies 
of these three species in both years than spatial or temporal variation in 
physicochemical factors. Though many authors have attributed the 
distribution of juveniles mostly to chemical or physical parameters (e.g. Blaber
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1997 and references therein; Jenkins et al. 1997; Jenkins and Sutherland 
1997; Valesini et al. 1997), biological factors appear to be more important in 
the non-estuarine Spanish Water Bay. Bell and Westoby (1986) drew similar 
conclusions on the importance of seagrass leaf height and density for the post­
settlement distribution of fish larvae, but they did not measure food 
abundance or physico-chemical environmental variables. Of the factors which 
explained most of the variation in the size-frequency distributions of the 
selected fish species, planktonic crustacean abundance, benthic crustacean 
abundance, seagrass leaf density, leaf length, canopy height, and shoot density 
were all strongly correlated to each other and to ‘distance from the reef (also 
entered as a factor). Transect depth and percentage of epiphytes (also 
important factors in the PCA) were also strongly correlated to each other. 
Because of the correlations between these factors, the importance of such 
factors in the PCA cannot be extracted independently. The carnivorous grunt 
and snapper species are nocturnal feeders, and their habitat association at 
night is mainly determined by food abundance (e.g. Nagelkerken et al. 2000b). 
The selected grunt and snapper species were not observed feeding during the 
daytime surveys, and their daytime habitat association and spatial 
distribution is likely determined by factors connected to habitat complexity 
and subsequent shelter against predators. Herbivorous parrotfishes (Scaridae) 
and surgeonfishes (Acanthuridae) in seagrass beds and mangroves feed on 
epiphytic biota (mostly epiphytes) during the day (Randall 1967; Klumpp et al. 
1992, pers. obs.), and hide in notches and coral blocks during the night 
(Nagelkerken et al. 2000b). The spatial distribution of scarids and acanthurids 
during the day can therefore be explained by both food abundance and habitat 
complexity (shelter). Seagrass blade density has been found a better predictor 
of fish abundance than seagrass biomass (Stoner 1983), and seagrass leaves 
are believed to reduce predation efficiency (Heck and Crowder 1991). Habitat 
complexity and prey abundance in seagrass beds, however, are often strongly 
related (Orth et al. 1984). Cover from predators is likely a more limiting 
resource than food abundance (Heck and Orth 1980), but the relative 
importance of food abundance or shelter in Thalassia testudinum  should be 
evaluated with canopy removal experiments (analogous to those by Connolly 
1994) and caging experiments (analogous to those by Dahlgren and Eggleston 
2000 or Hindell et al. 2000).
Short Distance PLCM
Juveniles of Scarus taeniopterus and Acanthurus bahianus were only found in 
the mouth of the bay and on the reef in both years under study. Small 
juveniles of A. bahianus were only observed in seagrass beds in the mouth of 
the bay and in the reef flats, while adults occurred almost exclusively on the 
reef. These two species display a distribution pattern from which a type of
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Short Distance PLCM was inferred in our previous study (Cocheret de la 
Morinière et al. in press). The two species were distributed in the same way in 
both years under study, and apparently their larvae partly settle in the mouth 
of the bay and partly in the reef flats, to reach a size at which they migrate to 
deeper reef habitats. Interestingly, some congeneric species appeared to 
display different directions of migration at similar sizes. In both study periods, 
juvenile scarids of similar sizes were found mixed in the mouth of the bay, but 
one species then appears to migrate to reef habitats (S. taeniopterus), while the 
other migrates deeper into the bay and only dwells on the reef at larger sizes 
(S. iserti). Leaving unidentifiable scarids smaller than 5 cm out of the data sets 
did not affect conclusions regarding the spatial migration patterns of these 
species, since this size-class was almost exclusively found in the mouth of the 
bay in both years. Apparently, both scarids settle in seagrass beds and 
mangroves located in the mouth of the bay, after which each migrates in 
opposite direction. The same difference is observed when comparing the 
distribution patterns of A. chirurgus and A. bahianus in two consecutive years. 
Of A. bahianus it is known that behavioural interactions are size-related and 
can affect distribution, abundance and early post-settlement persistence of 
settlers (Risk 1998), while post-settlement habitat selection is important in 
creating spatial patterns of recruitment (Sponaugle and Cowen 1996). This 
means that competitive congeneric species can alleviate competition on the 
reef by temporary spatial separation. Generally, the coral reef community may 
maximise total yield by the temporary spatial separation of feeding guild 
members.
Conclusions
Daytime densities of the reef fish species were generally lower in 1999 than in 
1998. This had no effect on habitat ‘choice’ of the species between mangroves 
or seagrass beds as determined by average densities, which was stable in both 
years. Also, the spatial size-distributions of the species revealed the same 
patterns for each species in both years. The daytime spatial size distribution of 
grunts and snappers within the bay is likely determined by structural 
complexity of the seagrass beds, while the daytime size-distribution of scarids 
and acanthurids is determined by both food abundance and habitat 
complexity. Environmental factors such as underwater visibility, salinity, and 
water temperature are unlikely instigators or promotors of migrations deeper 
into the bay. The stability of size-distribution patterns and habitat association 
of the selected nursery species in two consecutive years underlines the species- 
specific role which nursery habitats play for reef fishes.
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Abstract
The nursery concept, which applies to coral reef fishes of which juveniles grow 
up in alternative habitats such as seagrass beds and mangroves, implies life 
cycle migrations from nursery habitats to the coral reef. Ontogenetic dietary 
changes of these fish species may cause such nursery-to-reef migration 
patterns. Juveniles of two grunt species (Haemulon sciurus and H. 
flavolineatum) and of two snapper species (Lutjanus apodus and Ocyurus 
chrysurus) were caught in seagrass beds and mangroves, and their gut 
contents identified and quantified. Regression analysis between fish size and 
dietary importance of small crustaceans showed a negative relationship in all 
four species. Positive relations were found for H. sciurus, L. apodus and O. 
chrysurus between fish length and the dietary importance of decapods, and for 
L. apodus and O. chrysurus between fish length and prey fish importance. 
Because of the low densities of decapod crabs and prey fish in the nursery 
habitats relative to smaller crustaceans (e.g. tanaids, copepods), these positive 
relationships imply that fishes in the bay need to expand their daily migration 
radius as they grow, thereby increasing the probability of discovering the coral 
reef. Ontogenetic diet shifts may thereby cause or promote life cycle migrations 
from nursery habitats to the coral reef. Canonical Correspondence Analysis 
yielded three clusters of size-classes of fishes with similar diets, and 
application of a Mantel test showed that each of these clusters had 
significantly different diets, and each cluster diet was significantly specialised. 
It appeared that both sexual maturation and dietary changes in H. sciurus and 
H. flavolineatum  are possible driving forces behind nursery-to-reef migrations, 
since both factors coincide with the fish size at which such migrations occur. 
For L. apodus and O. chrysurus, a dietary changeover forms a more likely 
explanation for nursery-to-reef migrations than does sexual maturation 
because these species reach maturity at sizes much larger than the maximum 
size of individuals found in nursery habitats. In addition, food abundance in 
seagrass beds may influence smaller scale migrations between nursery 
habitats, since a positive relationship was found between fish size and 
abundance of small crustaceans, with both factors increasing progressively 
deeper into the bay. Diet shifts and food distribution may be crucial to initiate 
or promote nursery-to-reef migrations in the life cycles of a number of coral 
reef fish species.
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Introduction
The role of seagrass beds and mangroves as ‘nurseries’ for some fish species 
has received considerable attention as a link with adjacent coral reef systems 
(Pollard 1984, Parrish 1989), even though the relative importance of these 
habitats to different size-classes of fishes has rarely been adequately 
quantified (Nagelkerken et al. 2000a and references therein). The benevolence 
of such nurseries to reef fish species has been explained by several authors in 
terms of shelter against predators, high interception rate of the vegetation to 
planktonic larvae, temporary alleviation of competition with other reef 
inhabitants, or high food availability (Odum and Heald 1972, Carr and Adams 
1973, Ogden and Ziemann 1977, Blaber and Blaber 1980, Shulman 1985, 
Parrish 1989, Heck and Crowder 1991, Robertson and Blaber 1992, 
Laegdsgaard and Johnson 2001, Cocheret de la Morinière et al. 2002). This 
size-related preference of juvenile reef fishes for particular shallow-water 
habitats can be described as life cycle migration patterns (e.g. Yáñez-Arancibia 
et al. 1988, Appeldoorn et al. 1997, Cocheret de la Morinière et al. 2002), since 
the spatial separation of size-classes of a fish species suggests movement from 
one habitat to another with ontogeny. Indeed, such migrations have been 
inferred for many fish species with larger individuals found progressively off­
shore (Werner and Gilliam 1984, Ross 1986). This inference applies to the 
nursery concept as well: it intrinsically proposes that sub-adult reef fishes 
migrate from nursery habitats (in many cases seagrass beds and/or 
mangroves) to the coral reef.
Possible biological and physical mechanisms instigating these migrations from 
one habitat to another are: a) physical environmental factors (turbidity, 
temperature, salinity, depth, habitat complexity, etc.), or gradients and 
seasonal changes therein, mark the migratory pathways (derived from e.g. 
Blaber 1997); b) physiological or morphological changes in the juveniles (e.g. 
photon receptor sensitivity, development of gonads, development of swimming 
or navigational capabilities) increase their home range or susceptibility to 
environmental gradients (derived from e.g. Helfman et al. 1982, Gerking 1994, 
Hyndes et al. 1997); c) ontogenetic changes in feeding strategy (e.g. from 
zoobenthivory to piscivory) lead to larger home ranges, thereby increasing the 
chance of accidentally finding the reef habitat (derived from e.g. Edgar and 
Shaw 1995a, 1995b, Muñoz and Ojeda 1998); d) spatial distribution of food 
abundance or food types determines choice of habitats (derived from e.g. Brook 
1977, Parrish and Zimmerman 1977, Edgar and Shaw 1995a, 1995b).
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Many fish species show ontogenetic changes in diets (Werner and Gilliam 
1984, Ross 1986), and the ontogeny of resource partitioning may directly 
influence life cycle migration patterns of coastal fishes (Livingston 1982, 
Hyndes et al. 1997). Literature on trophic studies in seagrass and mangrove 
fish communities in general is scant, however, and most authors have not 
distinguished separate size-classes of fishes in nursery areas (but see 
Livingston 1982, Heck and Weinstein 1989, Blaber 1997, Muñoz and Ojeda 
1998).
In Spanish Water Bay (Curaçao, Netherlands Antilles), a number of reef fish 
species were identified as nursery species (Nagelkerken et al. 2000a). The use 
of nursery habitats in this bay by the most abundant of those fish species was 
confirmed by Cocheret de la Morinière et al. (2002). The spatial size-frequency 
distributions described by Cocheret de la Morinière et al. (2002) not only 
suggested nursery-to-reef migrations, but also size-related migrations at a 
smaller scale, from one nursery habitat to another. In the present study, we 
focused on the diet shifts of a selection of four carnivorous reef fish species 
(grunts and snappers) that inhabit seagrass beds and mangroves during 
juvenile and sub-adult stages (Nagelkerken et al. 2000a, Cocheret de la 
Morinière et al. 2002). Gut contents of Haemulon flavolineatum , H. sciurus, 
Lutjanus apodus, and Ocyurus chrysurus were analysed for each size-class 
that occurred in the bay. In addition to gut contents data, food abundance 
samples were collected from plankton and sediment in seagrass beds.
The main objective of this study was to examine the diet changes of reef fishes 
in nursery habitats. Also, the possibility that dietary changes or food 
abundance (see hypotheses c and d  above) may cause or promote post­
settlement life cycle migrations discussed.
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Materials and methods 
Study area
The present study was carried out in Spanish Water Bay in Curasao, 
Netherlands Antilles (Fig. 1). This 3-km2 bay is shallow (largely < 6 m), 
harbours extensive seagrass meadows and is fringed by mangroves 
(Rhizophora mangle). Most mangrove stands studied consist of strips of 
vegetation hanging over from fossil reef ledges, hence providing little 
structural complexity from prop roots or branches in the water column beneath 
the mangrove canopy. These canopies provide dark habitats (average light 
extinction underwater was 85%, as opposed to 40% over seagrass beds). The 
seagrass beds consist of monospecific stands of Thalassia testudinum  (Kuenen 
and Debrot 1995). Mean shoot density (± SD) in the seagrass transects was 
246/m2 (± 110) and seagrass canopy height averaged 28.0 cm (± 11.5). There is 
no freshwater input into the bay other than rain, and salinity (avg. 35.4 %o) 
was slightly higher than on the reef (avg. 34.6 %o). Bay water surface 
temperature averaged 30.1 °C (± 0.8), while water surface temperature on the 
reef averaged 28.4 °C (± 0.9). Underwater visibility was high at all sites, and 
varied between an average of 6.5 m (± 1.8) in the bay and 21.4 m (± 3.1) on the 
reef as measured by horizontal Secchi disk distance. The average tidal 
amplitude in the area is 30 cm (De Haan and Zaneveld, 1959). The bay has a 
long (1 km) and narrow (70 m) entrance that connects it to the adjacent 
fringing reef. This reef is part of a marine park that stretches up to the 
southeast tip of the island. A detailed description of the reefs in the 
Netherlands Antilles can be found in Bak (1975).
Sampling design
In various parts of Spanish Water Bay, beach seine nets were used in the 
morning to collect fishes inhabiting seagrass beds (fish collection sites were 
indicated with ‘X’ in Fig. 1). Fish collection took place during May through 
September 1998. In the same period, spatial size distribution patterns of 
nursery fishes were surveyed (Cocheret de la Moriniere et al. 2002). Antillean 
fish traps were used overnight in mangrove habitats. The smallest individuals 
were captured from isolated patches of seagrass, mangroves or boulders by use 
of the ichtyocide rotenone. Data on gut contents of fishes from mangroves were 
pooled with data on fish guts from seagrass bed communities, since fishes in 
Spanish Water Bay mainly feed in the seagrass beds and not in the mangroves 
(Nagelkerken et al. 2000b). No fishes were caught on the nearby coral reef, 
since the main aim of the study was to investigate if  diet shifts of individuals 
in the bay could instigate or promote migrations from their nursery to the 
coral reef.
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Figure 1: Map of Spanish Water Bay and various habitats. Bathymetry is indicated with 5 m 
and 10 m isobaths. Numbers 1-7 indicate sites at which plankton and sediment samples were 
taken. Sites where fish collection took place are indicated by 'X'.
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A total number of 392 fishes were captured in the bay, of which 287 stomachs 
had sufficient contents for gut analysis. The gut contents of the individuals 
were preserved in ethanol (70% v/v) and dyed with Rose Bengal before 
identification and quantification. All fishes were measured (Fork Length) and 
weighed. Food components in the digestive tracts were classified to Class level 
(Oligochaeta, Polychaeta, Bivalvia, Gastropoda, Echinoidea) or Order level 
(Tanaidacea, Mysidacea, Ostracoda, Isopoda, Copepoda, Amphipoda, 
Decapoda), while prey fish, sediment and plant material (seagrass or algae) 
found in the guts were categorised as fish, seagrass, sediment, foraminifers, 
filamentous algae, calcareous algae or macro-algae. Using a stereomicroscope, 
the relative volumetric quantity of the food items was estimated, i.e. the 
volume of the contents of the digestive tract was set to 100%, and the food 
items found were estimated by eye, as volumetric percentage of total stomach 
volume (Nielsen and Johnson 1992). A volumetric measure was chosen because 
it is an estimation of biomass, whereas gravimetric methods would produce 
large errors in these small volumes because of water content (blotting would 
damage the samples in some cases), and methods that involve frequencies 
would underestimate large food items and overestimate small food categories 
(Hyslop 1980).
The invertebrate fauna was sampled with sediment cores and plankton nets in 
all seagrass and mangrove habitats, as well as on the adjacent coral reef. The 
transects and sites used for collection of the invertebrate fauna (indicated 1-6 
in Fig. 1), were the same as the ones used for fish surveys (Cocheret de la 
Moriniere et al. 2002). Three plankton and core samples were collected from 
each transect, at the end of the study period. The sediment core samples were 
collected during daytime using a cylindrical PVC corer with a 5.4 cm internal 
diameter. The top 3 cm of the sediment core samples was washed over a 250 
^m square-meshed sieve and the organisms separated. Invertebrate densities 
were expressed as the number of individuals per m2 (3 cm deep). Planktonic 
invertebrates were collected after dark (when planktonic activity is highest) 
using a plankton net with a 55 micron mesh size and a gape diameter of 25 cm. 
First, a 3 m long rope was placed on the sediment. A few minutes later, the 
plankton net was hauled above this 3 m rope, through the seagrass canopy. 
Plankton samples were washed over a 250 ^m sieve, thereby allowing 
comparison with sediment samples. The planktonic fauna was expressed as 
the number of individuals per m3. Fauna from plankton nets and cores were 
preserved, treated with dye and categorised in the same way as the fish gut 
contents.
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Data processing and statistical analysis
Ordination of the food categories was performed using the Canoco software 
package (Ter Braak and Smilauer 1998). All stomach content data were 
log(1+x) transformed prior to processing. Detrended Correspondence Analysis 
(DCA) calculated a gradient length of 4.8, and therefore a unimodal method 
was used (Ter Braak and Smilauer 1998). A Canonical Correspondence 
Analysis (CCA) was applied on the composition of the diets of all individual 
fish stomachs. ‘Size’ of the fishes and ‘species identity’ were entered as dummy 
‘environmental variables’ in the CCA to test the separate effects of these 
factors. Size-classes of the selected fish species were then entered as dummy 
‘environmental variables’ in a second CCA, in order to clarify the relationship 
between ontogenetic diet changes and resource partitioning among these 
species. In each CCA, scaling was focused on inter-sample distances (Hill’s 
scaling), and rare ‘species’ were downweighted. Clusters that appeared in the 
CCA of the size-classes of the fishes were treated as ontogenetic feeding guilds 
(Muñoz and Ojeda 1998).
Although the collection of compositional data is a common practice in ecology, 
few authors have attempted to develop satisfactory statistical testing (Lawlor 
1980, Patterson 1986, Manly 1991). Many authors refer to Keast ‘s suggestion 
that a diet overlap index value (Schoener 1974) of 0.3 or less indicates little 
overlap in the diets of the groups, whereas an index value of 0.7 or more 
indicates a high degree of overlap (Keast 1978). Others have used jackknife or 
bootstrap methods or cluster analysis, but the estimation of confidence 
intervals with those methods is complicated or the analyses do not involve 
actual testing of differences (Sevenster and Bouton 1998). Sevenster and 
Bouton (1998) improved methods developed by Manly (1991) and Patterson 
(1986), in which dietary differences are tested using the Mantel test (Sokal and 
Rohlf 1995). Sevenster and Bouton (1998) show that a significant difference in 
diet among species does not necessarily imply that interspecific overlap is 
smaller than intraspecific overlap, and apply significance testing on both the 
interspecific and intraspecific level.
In this study, diet overlaps among individual fish stomachs within a cluster 
(identified in a CCA of size-classes, as described above) were calculated using 
Schoener’s index (Schoener 1974), yielding an overlap matrix. Randomization 
(1000 permutations) generates the null-distribution for the statistics, which is 
compared to the observed average overlaps between and within groups. If less 
than 5% of the simulated interspecific overlaps are smaller than the observed 
interspecific overlaps, we decide that the diets of the groups differ significantly 
more than expected if all individuals belonged to the same dietary background.
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The overlaps within the two groups are judged in a similar way. If less than 
5% of the simulations produce an intraspecific overlap larger than the 
observed value, we conclude that the species under consideration is 
significantly more specialised than expected if  all individuals were from the 
same background (Sevenster and Bouton 1998). Mantel test p-values were 
corrected for multiple comparisons by use of a sequential Bonferroni correction 
(Peres-Neto 1999). Sample size and inequality of sample sizes have proved to 
greatly influence the test statistic in the Mantel test (Luo and Fox 1996). The 
larger the sample sizes are, the more sensitive the test becomes to detecting 
differences in diet composition among groups. The effect of inequality of 
sample sizes on the test statistic is much stronger than the effect of sample 
size alone: sensitivity of the test decreases strongly with increasing inequality 
of the sample sizes. Differences in diets may therefore not be detected when 
the data consist of small sample sizes or with large differences in sample sizes. 
With our data, the Mantel test produced significant p-values (p<0.05) with 
each comparison (within group and among groups), and a correction for 
inequality of sample sizes (as developed by Luo and Fox 1996) would only 
make differences more significant (smaller p-values). This correction was 
therefore not applied.
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Results
Individuals of the collected species ranged from 1.8 cm to 27.4 cm (FL). Dietary 
overlap (Schoener’s index) was generally high among the species’ overall diet 
compositions (34% up to 70%). Table 1 shows the average relative importance 
of the different food types for each size-class. Clearly, these grunts and 
snappers belong to the feeding guild of carnivores, with a large variety of 
invertebrates and prey fish representing more than 80% of the species’ diets on 
average. Haemulon sciurus and H. flavolineatum  are invertebrate consumers, 
while the two snapper species feed on both invertebrates and fishes. The 
average proportion of decapods was larger in the diets of the snappers as 
compared to the diets of the grunts (Table 1). The proportion of tanaids was 
high in all species (Table 1), and copepods are important dietary components 
for small H. flavolineatum  and O. chrysurus.
Ontogenetic change o f diet
When size of the individuals and their species identity were entered as 
environmental factors in a Canonical Correspondence Analysis (CCA), size 
appeared to have a much stronger effect on diet composition of the individuals 
than species identity. The correlation between the first ordination axis 
(explaining 23.5%) and the size of the individuals was 0.66, while that of 
species identity was 0.29. Correlations with the second axis (explaining 10.3%) 
were 0.32 for the factor ‘size’, and 0.05 for ‘species identity’. Inflation factors 
were low (< 2), indicating no interaction between the two factors. The influence 
of fish size on diet composition can be explained by the increasing proportion of 
prey fishes and decapods and the decreasing importance of other (smaller) 
crustaceans in the diets of these carnivores with increasing fish size (Table 1). 
Regression analysis between size-classes and proportions of small crustaceans 
(not decapods) showed significantly negative relationships for H. sciurus, H. 
flavolineatum, L. apodus, and O. chrysurus (Table 2), indicating a steady 
decline of the importance of small crustaceans for these species with increasing 
fish size. Except for H. flavolineatum, all species showed significantly positive 
correlations for decapod importance with fish size. Additionally, L. apodus and
O. chrysurus showed significant positive relations between fish size and size of 
prey fish (Table 2).
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Table 1: Average percent volume of each food category. Food items that never exceeded 2%  estimated volume of gut contents, were grouped in a
'Rest' group [i.e. Oligochaeta, Polychaeta, Echinoidea, Ostracoda, seagrass, foraminifers, filamentous algae, calcareous algae, macro-algae).
N caught Size-class (cm) Tanaidacea Copepoda Isopoda Amphipoda Mysidacea
—............— ■ — t
Bivalvia Gastropoda
- — ■ 3 - » /  ■
Decapoda Fish Sediment Rest Unidentified
Haemulon flavolineatum
11 0.0-2.5 12.7 66.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20.915 2.5-5.0 12.0 83.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.213 5.0-7.5 66.9 0.4 0.0 8.5 0.0 0.0 0.0 8.5 0.0 0.0 7.7 8.112 7.5-10.0 75.0 0.0 0.0 4.6 0.0 0.0 3.3 0.0 0.0 0.0 0.0 17.112 10.0-12.5 22.5 0.2 0.0 3.8 1.2 2.1 2.9 0.0 1.7 7.5 0.4 57.86 12.5-15.0 50.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 5.0 42.2
Haemulon sciurus
16 2.5-5.0 63.5 30.4 2.5 0.1 0.0 0.1 0.0 0.6 0.0 0.0 0.8 2.016 5.0-7.5 79.1 7.9 1.9 0.6 0.0 0.0 0.1 0.0 0.0 0.1 0.1 10.39 7.5-10.0 53.8 13.3 0.0 0.0 2.9 2.8 6.1 0.0 0.0 0.0 7.2 13.97 10.0-12.5 41.4 17.1 0.7 0.0 0.0 3.9 4.7 0.0 0.0 17.0 5.1 10.014 12.5-15.0 25.9 2.2 8.7 2.6 0.0 5.3 6.3 1.4 0.0 7.5 16.6 23.45 15.0-17.5 22.0 1.2 6.0 5.0 0.0 8.2 0.0 0.0 0.0 17.0 26.0 14.64 17.5-20.0 12.0 0.5 0.0 1.3 0.0 16.3 7.5 15.0 0.0 22.5 17.5 7.54 20.0-22.5 0.5 0.0 0.0 0.0 0.0 0.0 0.0 50.0 0.0 0.0 30.8 18.81 25.0-27.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 90.0 0.0 0.0 0.0 10.0
Lutjanus apodus
5 0.0-2.5 91.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.09 2.5-5.0 48.7 9.7 3.9 20.7 7.7 0.1 0.0 7.8 0.0 0.0 0.0 1.68 5.0-7.5 37.5 5.0 0.1 15.6 10.0 0.0 0.0 23.0 0.0 0.0 0.6 8.111 7.5-10.0 24.0 0.0 0.0 1.0 7.3 0.0 0.0 47.3 18.2 0.0 0.5 1.813 10.0-12.5 5.8 0.2 4.6 1.4 0.0 0.0 0.0 77.7 4.2 0.0 0.0 6.214 12.5-15.0 3.6 0.0 0.0 0.0 0.0 0.0 0.0 86.4 4.3 0.0 0.0 5.76 15.0-17.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 83.3 16.7 0.0 0.0 0.02 17.5-20.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 50.0 50.0 0.0 0.0 0.03 20.0-22.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 46.7 53.3 0.0 0.0 0.0
Ocyurus chrysurus 
9 0.0-2.5 49.9 49.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.016 2.5-5.0 21.9 66.6 0.0 0.0 0.0 0.3 0.0 0.3 0.0 0.0 0.0 10.98 5.0-7.5 78.6 5.9 0.3 0.9 14.4 0.0 0.0 0.0 0.0 0.0 0.0 0.015 7.5-10.0 23.0 8.7 0.7 0.7 28.1 1.5 3.0 12.7 13.6 0.3 1.1 6.510 10.0-12.5 37.2 1.2 0.5 0.0 14.6 0.0 0.2 31.0 3.0 6.0 0.2 6.18 12.5-15.0 2.5 0.0 0.0 0.0 11.9 2.5 0.0 59.4 15.6 0.6 3.8 3.85 15.0-17.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 63.0 20.0 4.0 13.0 0.0
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Ontogenetic feeding guilds
Canonical Correspondence Analysis (CCA) of diet composition of individual 
stomachs and size-classes of the four species showed three clusters (Fig. 2). 
Cluster A consisted of the smallest juveniles of H. flavolineatum  and O. 
chrysurus. The separation of cluster A from the others was mainly due to the 
relatively large volume of copepods consumed by small juveniles of H. 
flavolineatum  and O. chrysurus (Fig. 3). Cluster B in Fig. 2 consisted of a 
group of size-classes of individuals that predominantly fed on a variety of 
small benthic invertebrates, with an important contribution of Tanaidacea 
(Fig. 3). Cluster C was formed by fishes that had changed their diet to larger 
crustaceans (crabs) and prey fish. Dietary overlap (Schoener’s index) between 
cluster A and cluster B was 41%, while overlap between cluster B and C was 
only 7%. Each cluster was significantly different from the other (among groups 
p  < 0.05, Mantel test), and each feeding guild cluster was significantly more 
specialised than the other (within groupsp  < 0.05, Mantel test).
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Figure 2: Correlations with first two axes (CCA) for all size-classes: H.sc= Haemulon sciurus,
H.fla= Haemulon flavolineatum, L.apo= Lutjanus apodus, O.chr= Ocyurus chrysurus. Size- 
classes (in cm) are indicated by the numbers behind the species codes. Percentages of variance 
explained by the ordination axis are placed near the axis.
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H. flavolineatum 
O. chrysurus
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L. apodus 7.5-22.5
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Figure 3: Average diet composition of the three clusters derived from CCA in Figure 2. Food 
items that never exceeded 2%  estimated volume of the gut contents, were grouped in a 'Rest' 
group (i.e. Oligochaeta, Polychaeta, Echinoidea, Ostracoda, seagrass, foraminifers, filamentous 
algae, calcareous algae, macro-algae). Species and size-classes (cm) below the graph indicate 
the size-classes of species belonging to the clusters.
Tabe l 2: Slopes and regression coefficients (R2, in brackets) of linear regressions 
between fish size to food item. Only statistically significant slopes and regression 
coefficients are shown (p < 0.05), and 'ns' indicates not significant. NO indicates
Small crustaceans Decapods Fish
Haemulon flavolineatum -0.57 (0.32) ns ns
Haemulon sciurus -0.83 (0.67) 0.55 (0.30) NO
Lutjanus apodus -0.78 (0.61) 0.58 (0.33) 0.34 (0.11)
Ocyurus chrysurus -0.68 (0.46) 0.58 (0.33) 0.27 (0.10)
Food abundance
Abundance of small crustaceans was much higher in sediments and 
zooplankton in seagrass beds than in the mangroves or on the adjacent reef 
(Fig. 4). Tanaidacea, which were an essential dietary component for the 
selected fish species, were almost exclusively found in seagrass zooplankton 
and sediment. The average total macro-invertebrate abundance in seagrass 
sediments summed up to about 150,000 macro-invertebrates per m2 (3 cm 
deep), and was much higher in the soil than it was in the plankton above it in 
terms of fish foraging efficiency. A fish bite of sediment will contain many 
more macro-invertebrates than the same volume taken from the seagrass 
zooplankton.
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Figure 4: Mean densities (+  Standard deviation) of food items from mangrove, seagrass and 
reef sites: plankton (A) and sediment cores (B).
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Spatial distribution of small crustaceans in the seagrass beds of the bay is not 
homogeneous, and sites that are located deeper in-bay (larger distance from 
the coral reef) had higher numbers in the sediments and zooplankton (Figure 
5). This trend was particularly clear in the distribution of seagrass 
zooplankton.
A. Seagrass plankton per site
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Figure 5: Mean densities (+  Standard deviation) of macro-invertebrates in plankton (A) and 
sediments (B) in seagrass sites. Sites 1 through 6 (S1-S6) were located progressively deeper in 
the bay (further away from the coral reef).
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Feeding strategy vs. migration pattern
Each of the selected species started consuming decapods at a size-class (Table
1) that is similar to the size-class at which that species was first observed on 
the adjacent coral reef (Table 3). Additionaly, the two snapper species first 
ingested prey fish at size-classes of fishes that were similar to or smaller than 
the smallest size-classes found on the adjacent coral reef. The average size at 
which Haemulon sciurus becomes sexually mature (Table 3), was also the size 
at which the major dietary change occurred (from cluster B to C, Figure 2), and 
corresponds to the average size of individuals found on the adjacent reef (Table 
3). In the ontogeny of L. apodus and O. chrysurus, a major change in diet 
(Figure 2) occurred at a size-class that corresponds to the size at which these 
individuals were first observed on the coral reef (Table 3). Sexual maturity sets 
in at sizes much larger than the size of major diet change for these two 
snappers. Haemulon flavolineatum  drastically changed its diet only once, at 
the 5.0-7.5 size-class (Figure 2), which did not correspond to any of the 
relevant sizes in Table 3.
Tab le  3: Average size (cm) of fishes observed on the coral reef adjacent to 
Spanish Water Bay, and size at which the individuals were first encountered on 
nearby reef habitats (Cocheret de la Morinière et al. accep.). Approximate sizes at 
which the fish species reach sexual maturity were adopted from Starck (1971), 
Claro (1983) and Munro (1983). Size at changeover from cluster B to cluster C 
(Figure 3) was not available for Haemulon flavolineatum, since it did not occur in 
both clusters.
Average 
size on reef
First
size on reef
Cluster B-C 
changeover
Size at
sexual maturity
Haemulon flavolineatum 15.1 7.5-10.0 ---- 15.5
Haemulon sciurus 21.5 12.5-15.0 20.0 20.0
Lutjanus apodus 18.5 10.0-12.5 7.5 25.0
Ocyurus chrysurus 17.1 10.0-12.5 12.5 26.0
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Discussion
In a recent study, the spatial size-frequency distribution of nine coral reef fish 
species, including those of the present study, was surveyed in seagrass beds 
and mangroves in Spanish Water Bay and the adjacent coral reef, using a 
single visual census method (Cocheret de la Moriniere et al. 2002). From these 
data, three different types of Post-settlement Life Cycle Migrations (PLCM) 
were derived. The species selected in the present study, displayed two types of 
such migrations. The first type of PLCM simply involved life cycle migrations 
from the nursery habitat to the adjacent coral reef. This type of PLCM route 
was used by H. sciurus and L. apodus, and it was dubbed Long Distance 
PLCM. The second PLCM pattern suggested juvenile migration among 
nursery habitats (from habitats in the mouth of the bay to habitats deeper into 
the bay), followed by a nursery-to-reef migration of (sub-) adults from habitats 
in the bay (seagrass beds and mangroves) to the adjacent coral reef. Haemulon 
flavolineatum  and O. chrysurus used this PLCM route, which was named 
Stepwise PLCM. Below, fish diet changes and the role of trophic factors and 
sexual maturity as possible drives for these post-settlement migrations is 
discussed.
General diet
Small crustaceans were very important in the diets of H. flavolineatum , H. 
sciurus, L. apodus and O. chrysurus, as is generally the case for seagrass and 
mangrove inhabiting fishes (Pollard 1984). Although penaeid and caridean 
shrimps were also found to be highly important food items in grunts and 
snappers in many studies (Croker 1962, Randall 1967, Starck and Schroeder 
1971, Austin and Austin 1971, Carr and Adams 1973, Claro 1983, Thayer et al. 
1987, Heck and Weinstein 1989, Harrigan et al. 1989, Sanchez 1994, Edgar 
and Shaw 1995a, Edgar and Shaw 1995b, Rooker 1995), they were not 
observed in any of the examined guts in this study. Here, the volumes of 
tanaids and crabs were especially high in the guts of the juvenile grunts and 
snappers. Few authors have reported the importance of tanaids in nursery fish 
diets as a separate food category (Randall 1967, Austin and Austin 1971, 
Hyndes et al. 1997, Nagelkerken et al. 2000b) of which only Nagelkerken et al. 
(2000b) observed similarly high portions of tanaids in fish diets in Spanish 
Water Bay. On fish species level, our data on the qualitative and quantitative 
diet description of these species are coherent with data of the authors cited 
above, with the exception of shrimp and tanaid importance. Overall diet 
overlap (Schoener’s index) was generally high among the selected species (33% 
to 70%), reflecting interspecies similarity in resource utilisation.
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Ontogenetic change of diet
Ontogenetic diet shifts of coral reef fishes in seagrass beds and mangroves are 
rarely studied (but see Starck and Schroeder 1971, Hettler 1989, Edgar and 
Shaw 1995a, Rooker 1995). Even though the method used to estimate relative 
volumetric quantities is rough and subject to a fair amount of bias (Hyslop 
1980), ontogenetic diet shifts of our selected fish species are very clear. 
Statistically significant negative regression coefficients were found for the 
volume of the smaller crustaceans (mostly tanaids and copepods) in stomachs 
of H. sciurus, H. flavolineatum, L. apodus and O. chrysurus with increasing 
fish body size. A positive relationship with fish size was found for decapods in
H. sciurus, L. apodus and O. chrysurus, and for prey fish in the stomachs of L. 
apodus and O. chrysurus. Other authors (e.g. Edgar and Shaw 1995a, Hyndes 
et al. 1997) have also reported patterns of increasing prey size with increasing 
fish size for other fish species. Differences in digestion capability or efficiency 
at different ontogenetic stages could theoretically account for the decrease in 
relative importance of small crustaceans with fish size, but that argument 
provides no plausible explanation for the increasing preference for larger 
crustaceans and prey fish with increased fish size. Mobile fishes that feed on 
ever larger food items as they grow, will need to expand their daily migration 
radius, since prey fish and decapod crabs are not as abundant as smaller 
crustacean species such as tanaids. Observations of tagged individuals confirm 
that larger fishes show daily migrations over greater distances than smaller 
fishes in Spanish Water Bay (Cocheret de la Moriniere, unpublished data): 
percentage of tag return at the initial site was much less for larger individuals, 
which were recovered far away from the location where they were tagged. 
When these fishes start foraging in a larger radius, the chance of accidentally 
finding the narrow entrance of the bay (to them now an exit to the reef) 
increases. The fact that each of the four selected fish species shows increased 
preference for ever larger prey type with increasing fish size (with foraging 
radius subsequently becoming ever larger) supports the hypothesis that this 
dietary change may result in post-settlement life cycle migrations from 
nursery habitats to the coral reef. Once arrived on the coral reef, which 
stretches over an area much larger than the surface area of the bay and its 
narrow entrance, these fishes stay on the reef habitat, over which they can 
migrate over large distances. Especially in the case of piscivorous species it is 
favourable to take up residence on the coral reef once the individuals have 
discovered it, because of the clear water conditions on the coral reef as opposed 
to the more turbid waters in the bay.
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Ontogenetic feeding guilds
Canonical Correspondence Analysis of diet composition and size-classes of the 
selected fish species yielded three feeding guild clusters. The first cluster 
consisted of the 0.0-2.5 and 2.5-5.0 cm size-classes of H. flavolineatum  and O. 
chrysurus. These juveniles predominantly fed on copepods, possibly reflecting 
the changeover from zooplanktivory to a zoobenthic feeding strategy after 
settlement. The second cluster (H. flavolineatum  5.0-15.0, H. sciurus 2.5-20.0, 
L. apodus 0.0-7.5, O. chrysurus 5.0-12.5 cm) was composed of individuals that 
fed on a wide range of invertebrates, mostly small crustaceans. The third 
cluster (H. sciurus 20.0-27.5, L. apodus 7.5-22.5, O. chrysurus 12.5-17.5 cm) 
was formed by the largest individuals of fish species, which predominantly fed 
on larger crustaceans (crabs) and prey fish. Each of the three ontogenetic 
feeding guild clusters had a diet composition that was significantly different 
from the other, and was significantly specialised (Mantel test, p  < 0.05). The 
importance of the size of these fishes (not species identity), as underlined by 
the CCA (see above), and the differences in the diets of the feeding guild 
clusters and high cluster specialisation, suggests that competition within 
species and within ontogenetic feeding guild clusters is of greater importance 
than competition among species. When competition plays a significant role, 
divergence in resource use by different age groups may alleviate competitive 
pressure (Polis 1984), and interspecific competition probably caused the 
formation of ontogenetic feeding guilds. However, in the present situation, 
competition (if any) acts most strongly upon individuals within a feeding guild 
cluster. If food would be limiting, competition levels could be further decreased 
by spatial avoidance or temporal differences in recruitment in an attempt to 
avoid individuals of other species with similar sizes. Since the selected species 
occur in the nursery habitats at similar sizes, temporal variation in the spatial 
size-frequency distribution (and recruitment patterns) could significantly 
influence the level of competition among ontogenetic feeding guilds. Further 
insight in temporal stability of such ontogenetic feeding guilds and spatial 
size-frequency distribution patterns is needed.
Three species occur in both cluster 2 and 3 (H. sciurus, L. apodus, O. 
chrysurus), and ‘move’ from one cluster to the other at a specific size. In H. 
sciurus, this size (20 cm) corresponds to the size at which the first individuals 
become sexually mature, viz. approximately 20 cm (Munro 1983), which is also 
the average size at which they occur on adjacent reef sites (Cocheret de la 
Morinière et al. 2002). It does not correspond to the smallest size-class 
observed on nearby reefs (12.5-15.0 cm). At 12.5-15.0 cm, however, diet change 
from small crustaceans to decapod crabs has already set in. Thus, the largest 
change in diet of H. sciurus occurs at size-classes at which conspecifics have 
already begun to migrate to coral reef habitats, but diet change starts much
85
Diet changes and migration patterns
earlier, at sizes that are similar to the smallest observed individuals on nearby 
coral reefs. It is not clear whether sexual maturity or a dietary change 
instigates migration from the nursery habitat to the coral reef for this species.
Haemulon flavolineatum  consumes large portions of small crustaceans 
throughout the size range that occurs in the bay. Since it did not occur in 
cluster 3, and minimum size of individuals observed on the reef did not relate 
to any discrete dietary change, feeding preferences of H. flavolineatum  are 
probably not related to the migration to coral reef habitats. Maximum size of 
this species in bay habitats corresponds to the average size at sexual maturity 
(Munro 1983); hence the development of gonads and subsequent search for sex 
partners may better explain its migratory patterns. McFarland et al. (1979) 
and Helfman et al. (1982) find that H. flavolineatum  becomes increasingly 
more sensitive to light with fish growth, and that it posesses compass 
navigational abilities, leaving other possible explanations for its migration 
patterns.
In the case of L. apodus and O. chrysurus, the size at which the individuals 
move from cluster 2 to 3 corresponds to the smallest size at which these 
species were observed on the adjacent reef. Sexual maturity is reached at sizes 
much larger than fish size at the major diet shift, and diet change is probably 
a more important factor in determining their migration patterns.
Food abundance
Abundance of small crustaceans in the sediment and in the seagrass canopy 
was much higher in seagrass beds than it was in mangroves or on the coral 
reef. Tanaids, which were an important food source for the selected grunts and 
snappers, were almost exclusively present in seagrass beds. Densities of small 
benthic animals are much higher in seagrass and algal substratum than in 
mangrove sediments in Spanish Water Bay (Nagelkerken et al. 2000b). The 
seagrass beds are also the prime feeding grounds for fishes in this bay, 
whereas mangroves are predominantly used as daytime resting sites, and fish 
density in algal beds is very low at day and night (Nagelkerken et al. 2000b). 
The selected fish species feed in seagrass beds while they inhabit the bay, as 
can be concluded from the abundance of tanaids in seagrass beds, which are 
almost absent in other habitats and form a prime dietary component for these 
fishes.
The abundance of small crustaceans within seagrass beds is distributed 
heterogeneously, with increasing total number of macro-invertebrates and 
number of tanaids progressively deeper into the bay, i.e. further away from the 
reef. This trend is particularly clear in zooplankton samples taken from the 
seagrass canopy. Some fish species (including H. flavolineatum  and O. 
chrysurus) have shown a spatial size-frequency distribution that suggested 
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migration of juveniles smaller than 5 cm from the mouth of the bay to 
habitats deeper in the bay, followed by migration from in-bay habitats to the 
coral reef at larger size-classes (Cocheret de la Mori ni ère et al. 2002). It is 
precisely this size-class (< 5 cm) of these two species that formed a separate 
ontogenetic feeding guild diet (see above) which was dominated by copepods. 
The diets of H. flavolineatum  and O. chrysurus may therefore reflect the 
different habitats, and spatial food distribution could provide a gradient along 
which juveniles migrate from the mouth of the bay to nursery habitats deeper 
into the bay, as in the Stepwise PLCM defined for these species (Cocheret de la 
Morinière et al. 2002). However, food abundance is related to environmental 
variables (such as turbidity, sediment type) and seagrass characteristics 
(percentage cover of the vegetation, biomass, etc.) (Orth and van Montfrans
1984, Blaber 1997). The food abundance data reported here are few, and only a 
detailed study of food abundance in relation to habitat characteristics and 
physical factors could determine whether food abundance itself influences 
migration patterns.
Conclusions
All selected species showed a diet shift with fish length from high dietary 
importance of small crustaceans (mostly copepods and tanaids) to low dietary 
importance of these crustaceans. Simultaneously, the dietary importance of 
decapod crabs or prey fish increased with fish length in each fish species. 
Positive relationships between fish size and prey size in all selected species 
grants credibility to the theory that these nursery fishes expand their daily 
migration radius with increasing body length, thereby discovering coral reef 
habitats. The grunts may be prompted to migrate from nursery habitat to coral 
reef habitats because of dietary changes, or because of the development of the 
gonads. In the case of the snappers, sexual maturation is not a likely factor 
resulting in migration to the coral reef, since average fish size at sexual 
maturity is much larger than the fish sizes occurring in the bay. For the 
snapper species, the major diet change occurs at fish sizes that are coherent to 
the fish sizes at which these species are expected to migrate to the coral reef, 
and diet changes are therefore a more likely promotor of such migrations. The 
spatial distribution of food may well influence smaller scale migration patterns 
(from seagrass beds in the entrance of the bay to seagrass beds deeper in the 
bay), but more data are needed to substantiate this. Although alternative 
possibilities can be hypothesised in order to explain the driving forces behind 
post-settlement life cycle migrations of coral reef fishes, the role of diet 
changes and distribution of food cannot be discarded, and they are probable 
causes of such migration patterns of some fish species.
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Stable isotopes and fish guts in relation to migration patterns
Abstract
Juveniles of a number of reef fish species grow up in shallow-water ‘nursery’ 
habitats such as mangroves and seagrass beds, after which they migrate to the 
coral reef. This nursery concept implies that some reef fish species distribute 
themselves over the mangrove-seagrass-reef continuum in subpopulations 
with different size-distributions that are spatially separated for considerable 
time. To validate this assumption, and to look for ontogenetic dietary changes 
(which may drive fish migrations from nursery habitats to the coral reef), we 
selected nine (herbivorous and carnivorous) reef fish species of which our 
previous work had shown that their juveniles are highly abundant in nearby 
nursery habitats. 13C/12C and 15N/14N ratios were measured in fish muscle 
tissues and potential food items collected from each of the three habitats, and 
fish gut contents were identified. 813C values proved useful to discriminate 
between food items from the coral reef and food items from the nursery 
habitats. All 813C values of fish sampled from the coral reef were close to the 
carbon isotope signatures of food items on the reef, and were significantly 
depleted compared to 813C values of fish from the nursery habitats (with the 
exception of Scarus iserti). Mangroves were used for shelter and not as a 
feeding habitat, since all fish collected from mangroves had carbon isotope 
signatures close to 813C values in seagrass beds. Gut contents analysis of 
herbivorous fish suffered problems with identification of the ingested food 
items, but there was no change in 813C or 815N values of the muscle tissue with 
fish size. Regression analysis showed significant positive relationships 
between 815N values and fish size in all carnivorous fish species, which 
concurred with the decreasing dietary importance of small crustaceans and 
increasing consumption of decapod crabs or prey fish. The combined study of 
stomach contents and stable isotope analysis shows that the juveniles and 
adults of these reef fish species are indeed separated for considerable time, 
ecologically as well as spatially, and that the herbivorous fish species do not 
change trophic status while the carnivorous fish feed on ever larger prey of 
ever higher trophic level prior to migration from nursery habitat to the coral 
reef.
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Introduction
Seagrass beds and mangroves are considered nursery habitats for a number of 
coral reef fish species in the Indo-Pacific Ocean and in particular in the 
Western Atlantic (Pollard 1984, Parrish 1989). Although this nursery concept 
is widely acknowledged, the quantitative description of the relative importance 
of nursery habitats to size-classes of coral reef fish species in the mangrove- 
seagrass-coral reef continuum has really begun quite recently (Nagelkerken et 
al. 2000a, 2001, Adams & Ebersole 2002, Cocheret de la Morinière et al. 2002). 
Moreover, the assumptions on which the nursery concept is based are rarely 
tested (Beck et al. 2001).
The term ‘nursery’ implies settlement of post-larvae in nursery habitats where 
they grow up to become juveniles, followed by a directional migration of the 
sub-adults from the nursery habitat to the adult habitat. Such life cycle 
migration patterns can be inferred from the spatial size-frequency 
distributions of fish populations (e.g. Weinstein & Heck 1979, Yáñez-Arancibia 
et al. 1988, Appeldoorn et al. 1997, Blaber 1997, Cocheret de la Morinière et al. 
2002), since the spatial separation of size-classes of a species suggests 
movement from one habitat to another (Werner & Gilliam 1984, Ross 1986). In 
our previous studies in Spanish Water Bay (Curasao, Netherlands Antilles), a 
number of reef fish species which indeed use habitats such as mangroves and 
seagrass beds as nurseries were identified using a single technique (visual 
census) (Nagelkerken et al. 2000a, 2001, Cocheret de la Morinière et al. 2002). 
The spatial size-distributions over different habitats in the mangrove- 
seagrass-reef continuum were identical in two consecutive years for each of the 
selected reef fish species (Cocheret de la Morinière et al. subm.b). The adult- 
on-the-reef subpopulations of these species thus appeared to be spatially 
separated from their juveniles-in-the-nursery subpopulations, and post­
settlement nursery-to-reef migrations must occur over a species-specific size- 
range (Cocheret de la Morinière et al. 2002). Other types of migrations, such as 
tidal, seasonal, spawning, or diurnal feeding migrations between the coral reef 
and Spanish Water Bay have not been observed (Nagelkerken et al. 2000a, 
2000b, Cocheret de la Morinière et al. 2002), which makes this an excellent 
area to test the assumption that the juveniles-in-the-nursery are spatially and 
ecologically separated from their adults-on-the-reef subpopulation. Such a 
separation should be reflected in the differences in resource use in the 
different habitats.
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The timing of nursery-to-reef migrations (and hence the amount of time spent 
in nursery areas) must be determined by factors related to ontogeny. The 
ontogeny of resource partitioning may directly influence life cycle migration 
patterns of coastal fishes (Livingstone 1982, Hyndes et al. 1997), and nursery- 
to-reef migrations could be instigated or promoted by diet shifts (Cocheret de 
la Moriniere et al. subm. a). Stomach contents analysis of different size-classes 
of these reef fish species in different nursery and coral reef habitats therefore 
provides insight in the changing interaction with habitats during ontogeny.
The analysis of naturally occurring stable isotopes has been used as a 
complementary tool to animal diet analysis in many food web studies 
(Michener & Schell 1994, France 1994, 1996). Carbon isotope ratios of animals 
reflect those of their diet within about 1%o variation (e.g. Rau et al. 1983, 
Michener & Schell 1994). Both laboratory studies (e.g. DeNiro & Epstein 1978, 
Minagawa & Wada 1984) and field studies (Fry 1983, Schoeninger & DeNiro
1984, Owens 1987, Fry 1988, Cabana & Rasmussen 1994) show an average 3%o 
15N enrichment between the animal and its diet. The simultaneous 
measurement of carbon and nitrogen stable isotopes can thus provide 
information on source materials and trophic relationships (Peterson et al.
1985, Ehleringer et al. 1986, Owens 1987, Peterson & Fry 1987, Nyssen et al. 
2002), even though significant temporal and spatial within-group variation in 
the stable isotope composition of food sources has been found (Cooper & 
DeNiro 1989, Durako & Hall 1992, Boon & Bunn 1994, Hemminga & Mateo 
1996) and trophic levels must be assigned and interpreted with great care 
(Gannes et al. 1997, Jennings et al. 1997, France et al. 1998, O’Reilly et al. 
2002). Moreover, animal migrations can be inferred from studies of stable 
isotopes (e.g. Fry 1983, Hesslein et al. 1991, Newel et al. 1995, France 1996, 
Hansson et al. 1997, Hobson 1999). The stable isotope ratios in animal tissues 
are based on actual food assimilation and reflect an average diet over the last 
weeks to months (Hobson 1999), whereas stomach contents analysis is based 
on ingested prey and usually represents the animal’s diet over the last few 
hours. Also, food studies based on stomach contents analysis alone may 
require vast numbers of samples and sometimes suffer problems with the 
identification of prey items. The analysis of stable isotopes is therefore a useful 
tool to verify conclusions from animal diet studies and to gain additional 
insight in feeding relationships and changes therein (Michener & Schell 1994).
The combination of fish gut contents analysis and the measurement of stable 
isotopes of reef fish in the mangrove-seagrass-reef continuum at different life 
stages thus provides insight in both short and long term dietary changes that 
occur during ontogeny and with change of habitat. However, literature on 
trophic studies in seagrass and mangrove fish communities in general is scant 
(Marguillier et al. 1997). Only some authors have distinguished separate size- 
classes of fishes in nursery habitats (Livingstone 1982, Harrigan et al. 1989, 
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Heck & Weinstein 1989, Muñoz & Ojeda 1998), and simultaneous studies of 
gut contents and multiple stable isotopes of different size-classes of fishes in 
the mangrove-seagrass-reef continuum are rare.
In this study, we collected a wide size-range of juveniles and adults of four 
herbivorous species (Acanthuridae and Scaridae) and five carnivorous species 
(Haemulidae and Lutjanidae), to study their feeding habits in nursery habitats 
in a marine bay as well on the adjacent coral reef. Stable carbon and nitrogen 
isotopes were measured in the fish muscle tissues and in potential food items 
collected from these habitats. The main research questions in this study were:
1. Can the separation of juveniles in nursery habitats from their adult 
subpopulation on the coral reef be confirmed from fish diets and stable 
isotope ratios?
2. Do ontogenetic changes in resource use and trophic level, which may 
possibly drive nursery-to-reef migrations, occur in these reef fish 
species?
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Methods
Study area
The present study was carried out in Spanish Water Bay in Curasao, 
Netherlands Antilles (Fig. 1). This 3-km2 bay is shallow (largely < 6 m deep), 
harbours extensive seagrass meadows and is fringed by mangroves 
(Rhizophora mangle). The seagrass beds are dominated by monospecific stands 
of Thalassia testudinum, sometimes mixed with Halimeda spp. algae (Kuenen 
& Debrot 1995).
Figure 1: Map of Spanish Water Bay and the habitats studied. Bathymetry is indicated with 5 m 
and 10 m isobaths. Numbers 1-7 indicate sites at which potential food items were collected from 
the seagrass, mangrove and coral reef ecosystem for stable isotope analysis. Plankton was 
collected at site 1-6. Sites where fish collection took place are marked 'X'.
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There is no freshwater input into the bay other than rain, and salinity (avg. 
35.4) is slightly higher than on the reef (avg. 34.6). Bay water surface 
temperature averaged 30.1 °C (± 0.8), while water surface temperature on the 
reef averaged 28.4 °C (± 0.9). Underwater visibility was high at all sites and 
varied between an average of 6.5 m (± 1.8) in the bay and 21.4 m (± 3.1) on the 
reef, as measured by horizontal Secchi disk distance. The average tidal 
amplitude in the area is 30 cm (De Haan & Zaneveld, 1959). The bay has a 
long (1 km) and narrow (70 m) entrance that connects it to the adjacent 
fringing reef. This reef is part of a marine park that stretches up to the 
southeast tip of the island. A detailed description of the reefs in the 
Netherlands Antilles can be found in Bak (1975).
Sampling design
In various parts of Spanish Water Bay, beach seine nets were used during 
daytime to collect fishes inhabiting seagrass beds (indicated ‘X’ in Fig. 1). 
Antillean fish traps were used overnight in mangrove habitats and on the coral 
reef. The smallest individuals were captured from isolated patches of seagrass, 
mangroves or boulders by use of the ichtyocide rotenone. Data on gut contents 
of fishes from mangroves were pooled with data on fish guts from seagrass bed 
communities, since the fish species in Spanish Water Bay mainly feed in the 
seagrass beds and not in the mangroves (Nagelkerken et al. 2000b). Fish 
collection took place during May through September 1998.
Of the total number of collected fishes that had sufficient gut contents for 
analysis, 338 were Lutjanidae and Haemulidae and 95 were Acanthuridae and 
Scaridae (Table 1). The gut contents of the individual fishes were preserved in 
ethanol (70% v/v) and dyed with Rose Bengal before identification and 
quantification of the food items. All fishes were measured (Fork Length) and 
weighed. Food components in the digestive tracts were classified to Class level 
(Oligochaeta, Polychaeta, Bivalvia, Gastropoda, Echinoidea) or Order level 
(Tanaidacea, Mysidacea, Ostracoda, Isopoda, Copepoda, Amphipoda, 
Decapoda), while prey fishes, sediment and plant material (seagrass or algae) 
found in the guts were categorised as fish, sediment, foraminifers, seagrass, 
filamentous algae, calcareous algae or macro-algae. Using a stereomicroscope, 
the relative volumetric quantity of the food items was estimated, i.e. the 
volume of the contents of the digestive tract was set to 100%, and the food 
items found were estimated by eye, as volumetric percentage of total stomach 
volume (Nielsen & Johnson 1992). A volumetric measure was chosen because 
it is an estimation of biomass, whereas gravimetric methods would produce 
large errors in these small volumes because of water content (blotting would 
damage the samples in some cases), and methods that involve frequencies 
would underestimate large food items and overestimate small food categories 
(Hyslop 1980).
99
Stable isotopes and fish guts in relation to migration patterns
Tab le  1: Size-range, number of fish guts for stomach contents analysis, and 
number of fish muscle tissue samples for stable isotope analysis, for each species 
per habitat.__________________________________________________________________
Species Habitat Size-range (cm) Guts Isotopes
Haemulon flavolineatum Bay 2.0-16.3 69 57
Reef 12.6-18.0 12 11
Haemulon sciurus Bay 4.6-25.9 76 70
Reef 28.7-29.0 4 3
Lutjanus apodus Bay 5.6-27.5 71 32
Reef 18.8-25.4 8 9
Lutjanus griseus Bay 6.5-18.8 19 18
Reef 23.8-27.9 3 3
Ocyurus chrysurus Bay 3.2-17.1 71 51
Reef 13.1-27.2 5 16
Acanthurus bahianus Bay 2.9-17.2 20 8
Reef 13.2-18.2 5 8
Acanthurus chirurgus Bay 3.0-18.6 7 6
Reef 18.0-22.5 4 7
Scarus iserti Bay 3.0-11.0 44 28
Reef 19.5-26.5 9 11
Scarus taeniopterus Bay -- 0 0
Reef 22.1-27.3 6 6
Muscle tissue was sampled from 270 individuals of Lutjanidae and 
Haemulidae, and from 95 individuals of Acanthuridae and Scaridae for stable 
isotope analysis (Table 1). In addition, various potential food items were 
sampled from seagrass, mangrove and coral reef habitats at sites 1-7 
(indicated in Fig. 1). Seagrass leaves and seagrass epiphytes were collected at 
each site in the bay (site 1-6, Fig. 1). Planktonic invertebrates were collected at 
these bay sites using a plankton net with a 55 micron mesh size and a gape 
diameter of 25 cm. All samples were dried immediately after collection (70 °C, 
48 hrs.) and ground with liquid nitrogen. Subsamples destined for the 
measurement of carbon isotopes were decalcified (Nieuwenhuize et al. 1994), 
while subsamples for nitrogen isotope measurements were not decalcified. The 
carbon and nitrogen isotopic composition was determined using a Fisons 
element analyser coupled on-line via a Finnigan Confio II, with a Finnigan 
Delta-S mass-spectrometer. Carbon and nitrogen isotope ratios are expressed 
in the delta notation (813C, 815N) relative to Vienna PDB and atmospheric 
nitrogen. Average reproducibilities based on replicate measurements for 813C 
and 815N were about 0.1%o.
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Statistical analysis
Relationships between fish size (FL) and volumetric percentage of food 
categories or isotope ratios in muscle tissues were described using least 
squares linear regressions. Spatial differences in stable isotope contents of 
seagrass leaves and seagrass epiphytes at different sites were also described 
using linear regressions. Differences between average stable isotope 
composition of samples of fish were tested with a Student’s t-test for 
independent samples (Sokal and Rohlf 1995).
Some fish samples of the smallest individuals (< 4 cm Fork Length) of 
Acanthurus bahianus, Haemulon flavolineatum, and Ocyurus chrysurus had 
carbon stable isotope compositions that are common in biota with oceanic 
signatures (e.g. Fry & Sherr 1984, Peterson & Fry 1987). The 813C values of 
these small fishes were between -19.53%o and -16.59%o, and were much lower 
than other samples of the same species. The stable isotope ratios in these 
juvenile individuals probably reflect the larval, planktivorous phase in the 
open ocean before settlement to the nursery habitats (Herzka & Holt 2000, 
Herzka et al. 2001). For the purpose of this study, the data of the smallest 
juveniles with ‘oceanic’ pre-settlement signatures were not included in the 
averages and regression analyses as they would cloud the interpretation of 
habitat use and ontogenetic shifts.
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Results 
Reef vs. bay
Stable isotope ratios in potential food items in the bay and on the coral reef 
ranged from -28.0%o to -9.4%o for 813C, and from —1.0%o to 8.9%o for 815N (Fig.
2). Seagrass leaves were richest in 13C stable isotopes, mangrove leaves were 
poorest in 13C, while algae showed intermediate 813C values. Primary 
producers were lighter in 15N than invertebrates and zooplankton (Fig. 2). 
Primary producers on the coral reef were depleted in 13C compared to seagrass 
leaves and seagrass epiphytes, while their 815N values were similar (Fig. 2). 
813C values of seagrass leaves significantly decreased progressively deeper into 
the bay (linear regression, r2 = 0.85, p  < 0.05), but with a maximum difference 
between sites of only 1.2%o. Such a trend was not significant for the spatial 
distribution of 13C in seagrass epiphytes or for any of the 815N values.
515N
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Figure 2: Average (±  Standard Deviation) 513C and 515N values of potential food items that 
were collected on the coral reef (bold) or in seagrass and mangrove habitats. The dotted area 
indicates the range of average 513C and 515N values of fish muscle tissue samples (excluding 
'oceanic juveniles'), which are shown in Fig. 3.
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Figure 3 shows the stable isotope ratios in muscle tissues of the reef fish 
collected from coral reef habitats and from bay habitats. The stable isotope 
ratios of the ‘oceanic juveniles’ (see ‘Methods’ section) were not included in the 
averages and regression analyses reported below, but are shown in Fig. 3. For 
all species (except Scarus iserti), individuals which were caught in bay 
habitats were significantly richer in 13C than individuals of the same species 
caught in coral reef habitats (Student’s t-test, p  < 0.05). Carbon isotope values 
of S. iserti collected from the coral reef were high compared to the other fish 
species from the reef, and were in the range of biota associated with the 
seagrass food web. All individual fishes that were caught in bay habitats 
showed 813C values close to those of biota collected from the seagrass system  
(Fig. 2).
10
9
8
7
51SN
6
5
4 
3
-18.5 -17.5 -16.5 -15.5 -14.5 -13.5 -12.5 -11.5
513C
Figure 3: Average (±  Standard Error) 513C and 515N values of fish samples taken from the coral 
reef (bold) and from the bay habitats (seagrass beds or mangroves). The lable 'oceanic 
juveniles' refers to a separate group of very small juveniles in seagrass beds which reflected 
presettlement signatures (see 'Materials & methods').
Haemulon sciurus, Acanthurus bahianus, A. chirurgus and Scarus iserti from 
bay habitats had 815N values which were similar (Student’s t-test, p  > 0.05) to 
conspecifics collected from the coral reef. Haemulon flavolineatum , Lutjanus 
apodus, L. griseus, and Ocyurus chrysurus from the coral reef had significantly 
higher 815N values than their conspecifics from bay habitats (Student’s t-test, 
p  < 0 .05). The zoobenthivorous and piscivorous fish species (H. flavolineatum,
H. sciurus, L. apodus, L. griseus, and O. chrysurus) had higher average 815N 
values than the herbivorous species (A. bahianus, A. chirurgus, S. iserti, S. 
taeniopterus) on the reef as well as in the bay, but overlap between the feeding 
guilds was present.
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Herbivorous fish
The stomach contents of members of Acanthuridae and Scaridae consisted of 
plant material at all sizes, with the exception of individuals that were smaller 
than 4 cm (which also fed on copepods). However, due to problems with 
identification of the partly digested epiphytic algae and macro-algae (seagrass 
leaf fragments were rarely observed in these guts), the data on stomach 
contents of Acanthuridae and Scaridae are not reported. Average 815N values 
in the herbivorous fish species were between 3.69%o and 5.70%o while the 
average 813C values were between -12.06%o and -16.65%o. These 813C values 
are in the range of samples from the seagrass ecosystem (Fig. 2). None of the 
herbivorous species in the bay showed significant ontogenetic change in 813C or 
815N values in their muscle tissues within this feeding guild (Fig. 5), nor 
within each separate species (linear regression, R2 < 0.10, p  > 0.05).
Carnivorous fish
The reef inhabiting individuals of the carnivorous fish species (Haemulon 
flavolineatum, H. sciurus, Lutjanus apodus, L. griseus, and Ocyurus 
chrysurus) mostly fed on decapod crabs and prey fish (Table 2). In the bay 
habitats, smaller individuals of these carnivorous species fed predominantly on 
tanaids, decapods and copepods (Table 2). The average 813C value of the bay 
inhabiting carnivores (between -12.69%o and -13.5%o, Fig. 3) was in the range 
of the carbon ratios in seagrass zooplankton and seagrass detritus (Fig. 2: - 
13.5%o ± 1.1 and -13.3%o ± 0.9, respectively). Average 15N enrichment of the 
grunts and snappers in the bay relative to seagrass detritus was +4.6 to 
+5.6%o, and +2.9 to +3.9%o relative to seagrass zooplankton. The individuals of 
the haemulid and lutjanid species which were collected in the bay generally 
showed a diet shift with decreasing importance of small crustaceans with 
increasing fish size, while the reverse relationship was found for decapods and 
prey fish (Fig. 4). This coincided with the significantly positive relationship 
between 815N in fish muscle tissue and body size within the feeding guild of 
carnivores (Fig. 5), as well as for each separate fish species (Table 3). In the 
case of Haemulon sciurus and H. flavolineatum, however, the positive 
relationship between fish size and decapod crabs was negligable (R2 < 0.10). 
The two snapper species (Lutjanus apodus and Ocyurus chrysurus) displayed a 
significant ontogenetic increase in prey fish consumption that coincides with 
the 815N accumulation. Only L. apodus shows a statistically significant 
(negative) relationship between fish size and 813C values in its muscle tissue 
(Table 3).
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Table 2: Diet analysis of species of Lutjanidae and Haemulidae, based on average percent volume of each food 
category. Food items in bay fish stomachs that never exceeded 2% estimated volume of gut contents, were grouped 
in a 'Rest' group (i.e. Oligochaeta, Polychaeta, Echinoidea, Ostracoda, seagrass, foraminifers, filamentous algae, 
calcareous algae, macro-algae).
_________Habitat Tanaidacea Copepoda Isopoda Amphipoda Mysidacea Bivalvia Gastropoda Decapoda Fish Sediment Rest Unidentified
H. flavolineatum
Bay 40 25 0 3 0 0 1 1 0 2 2 26
Reef 6 0 1 0 0 3 8 17 13 4 40 8
H. sciurus
Bay 33 8 2 1 0 4 3 17 0 8 12 12
Reef 0 0 0 0 0 0 0 88 0 0 0 12
L. apodus
Bay 23 3 1 4 3 0 0 47 16 0 0 3
Reef 0 0 0 0 0 0 0 31 69 0 0 0
L. griseus
Bay 8 0 0 0 2 0 0 75 6 0 0 9
Reef 0 0 0 0 0 0 0 33 67 0 0 0
0 . chrysurus
Bay 30 19 0 0 10 1 1 24 8 2 3 2
Reef 0 0 0 0 6 0 0 44 40 10 0 0
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Tab le  3: Regression results (R2) of negative (-) or positive (+ ) linear 
relationships between fish size and dietary components, and between fish size and 
stable isotopes. For each fish size-class, the average volumetric percentages of 
small crustaceans, decapod crabs and prey fish in fish guts were calculated and 
correlated to the consecutive fish size-classes. The stable isotope data were 
correlated to individual fish sizes. 'NS' indicates that the regression is not 
significant (p > 0 .05), and 'NO' means that the food item was not observed in the 
guts of this species. Statistically significant R2-values are printed bold.
Small crustaceans Decapod crabs Prey fish 8 13C 8 15N
R2 p R2 p R2 p R2 p R2 p
H. sciurus 0 .9 8  ( - ) < 0.01 0 .1 0  ( + ) 0.03 NO 0.04 ( + ) NS 0 .6 2  ( + ) < 0.01
s3<D.g15H. 0 .6 2  ( - ) 0.04 0.02 ( + ) NS 0.01 (+ ) NS 0.05 ( + ) NS 0 .7 2  ( + ) < 0.01
L. apodus 0 .9 6  ( - ) < 0.01 0 .4 0  ( + ) 0.04 0 .7 7  ( + ) 0.02 0 .5 2  ( - ) < 0.01 )+(6.80. < 0.01
L. griseus 0 .8 1  ( - ) 0.04 0 .7 0  ( + ) < 0.01 0.07 (+ ) NS 0.18 (-) NS 0 .8 4  ( + ) 0.02
O. chrysurus 0 .8 8  ( - ) < 0.01 0 .8 8  ( + ) 0.00 0 .8 6  ( + ) 0.02 0.10 (+ ) NS 0 .6 4  ( + ) 0.04
Haemulidae and Lutjanidae
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Figure 4: Diet composition per size-class of pooled Haemulidae and Lutjanidae collected from 
bay habitats (seagrass beds or mangroves), based on average percent volume of each food 
category (±  Standard Error). The category 'Small crustaceans' mainly consisted of Tanaidacea 
and Copepoda.
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Figure 5: Carbon (A) and nitrogen (B) stable isotope ratios of fish collected from bay habitats 
in relation to fish size. Dotted lines represent the linear relation with fish size for carnivorous 
fish (Haemulidae and Lutjanidae), while the continuous lines represent the linear relation with 
fish size for herbivorous fish (Acanthuridae and Lutjanidae). The equation of the linear 
regression is only shown when R2 values were significant.
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Discussion  
Reef vs. bay
Generally, stable isotope ratios of the fish and the potential food items in the 
bay and on the coral reef were in the range of 815N and 813C values found by 
other authors in similar ecosystems (e.g. McMillan et al. 1980, Fry et al. 1982, 
Harrigan et al. 1989, Lin et al. 1991, Hemminga & Mateo 1996). Mangrove leaf 
carbon was strongly depleted, compared to biota collected from seagrass beds 
and from the coral reef. Primary producers on the coral reef were carbon 
depleted relative to 813C values from the seagrass system, while their 815N 
values were similar to nitrogen ratios in seagrass leaves. The 815N values in 
samples from the various habitats generally increased with trophic level. 
Carbon stable isotopes were therefore a good discriminant between biota from 
the mangrove, seagrass and coral reef habitats, while nitrogen stable isotopes 
were indicative of trophic level.
Differences in resource use of fishes collected from the coral reef versus fishes 
collected from nursery habitats were reflected in dietary differences and stable 
isotopic composition of fish muscle tissues. For each of the herbivorous or 
carnivorous fish species, average carbon isotope ratios of individuals caught on 
the reef were significantly lower than averages of individuals of that species 
collected from the bay, with the exception of Scarus iserti. Problems with 
identification of the stomach contents of herbivores prevented detailed 
interpretation of their feeding habits, but gut contents analysis of the 
carnivorous Haemulidae and Lutjanidae showed a difference in resource use 
between reef habitats and seagrass habitats. Fish which were caught in 
mangroves had isotopic signatures similar to biota from the seagrass system, 
which shows that mangroves serve as a daytime resting site and not as a 
feeding ground for these fish species. Carnivorous fish generally had higher 
815N values than the herbivorous fish species, indicating their higher trophic 
level. The 815N and 813C isotope values of Scarus iserti were similar in the bay 
and on the reef, and in the range of values found in the seagrass system.
Adult individuals of S. iserti were rarely observed in seagrass beds and 
mangroves in Spanish Water Bay in our previous studies (Nagelkerken et al. 
2000a, 2001, Cocheret de la Morinière et al. 2002), which makes consumption 
of food items from the bay habitats by adults unlikely, and the stable isotope 
data on S. iserti therefore imply that reef inhabiting adults consume a food 
source with stable isotope signatures similar to those found in seagrass 
associated biota. Some coral polyp tissues and benthic microalgae do in fact 
have carbon isotope values similar to the carbon signature of the seagrass 
ecosystem (e.g. Fry et al. 1982, Yamamuro et al. 1995).
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AH of the other fish species apparently do not regularly execute diurnal feeding 
migrations from the coral reef to nearby seagrass or mangrove habitats (based 
on the different 813C values of individuals sampled in the bay versus 
individuals sampled on the reef) and such diurnal migrations to and from 
Spanish Water Bay have not been detected during visual surveys at day and 
night in any of the selected species (Nagelkerken et al. 2000b), while some of 
these species are known to execute such diurnal migrations in other Caribbean 
locations (e.g. Ogden & Ehrlich 1977, McFarland et al. 1979, Helfman et al. 
1982).
The findings suggest that the reef inhabiting (adult) individuals of these 
nursery species do no longer depend on nursery carbon from the bay habitats 
(seagrass beds and mangroves) from which they have migrated. The same 
conclusions can be drawn for the bay inhabiting individuals of these species, 
which apparently all feed from seagrass beds and do not frequent the coral reef 
habitats. This verifies the spatial separation of adult reef fish subpopulations 
from their juveniles in nursery habitats (Cocheret de la Moriniere et al. 2002), 
which implies that post-settlement life cycle migrations from the nursery 
habitat to the coral reef must take place.
Herbivores and ontogeny
The selected herbivorous fish species are known consumers of (macro-) algae, 
with very little direct grazing on seagrass leaves (Randall 1967). The fact that 
seagrass leaf fragments were rarely observed in the guts of the herbivorous 
fishes matched with our field observations; herbivorous fishes were observed to 
consume epiphytes from the seagrass leaves repeatedly, and were rarely seen 
biting off parts of the actual seagrass leaf. Moncreiff & Sullivan (2001) suggest 
that epiphytic microalgae are of major trophic importance in seagrass beds, 
and that they are the primary source of organic matter for higher trophic 
levels in some cases. Average trophic enrichment (813Canimal -  813Cfood or 
815Nanimal -  815Nfood) of the herbivores in the bay relative to seagrass epiphytes 
was +0.61%o 813C and +3.34%o 815N, which nicely fits the expected enrichment 
values of 0-1%o 813C and 3-4%o 815N per trophic level (DeNiro & Epstein 1981, 
Fry 1983, Minagawa & Wada 1984), while the carbon enrichment relative to 
seagrass leaves does not (-3.01%o 813C enrichment).
Variation in isotopic composition within the samples of herbivorous fish 
collected from the bay was small, and no significant change in the carbon or 
nitrogen isotope composition in their muscle tissues was detected with fish 
size. This indicates that no major diet shift occurs after settlement in the 
nursery habitats for these herbivorous fish species.
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Carnivores and ontogeny
Both dietary analysis and stable isotope composition of fish muscle tissue 
showed ontogenetic changes in the carnivorous grunts (Haemulidae) and 
snappers (Lutjanidae). The relative volumetric importance of small 
crustaceans in the fish stomachs significantly decreased with fish size in all 
carnivorous species, and in some species this concurred with a significant 
increase in the dietary importance of decapod crabs or prey fish. Regression 
analysis also showed a significant increase of the 815N values with fish size, in 
each of the carnivorous fish. A significant (negative) relationship between fish 
size and 813C values was only found in Lutjanus apodus. Positive relationships 
between fish size and prey size have been observed by some authors (e.g. 
Edgar & Shaw 1995a and 1995b, Hyndes et al. 1997), while others have 
reported the ontogenetic relationship between 815N or 813C and animal size 
(e.g. Fry 1983, Rau et al. 1983, Sholto-Douglas et al. 1991, France 1996, 
France et al. 1998, Hentschel 1998, Marguillier 1998, Overman & Parrish 
2001, Jennings et al. 2002). Relationships between stable isotope signatures 
and body size could theoretically be the result of changing allocation of the 
isotope or changes in tissue turn-over rates with ontogeny, and little is known 
about such physiological changes (Fry & Arnold 1982, Tieszen et al. 1983, 
Doucett et al. 1999, Herzka & Holt 2001). It is generally assumed, however, 
that these relationships are not the result of changing physiology with 
ontogeny unless the growth rate of the subject animal is slow (Hesslein et al. 
1993, Overman & Parrish 2001). The herbivorous fish species in the present 
study have growth rates close to or even higher than those of the carnivores, 
and yet they do not display any ontogenetic change in stable isotope 
composition in their muscle tissue with fish size. The 815N accumulation with 
increasing fish size found in carnivorous fish species in the present study is 
therefore not regarded as a phenomenon caused by physiological changes 
during ontogeny, and can be attributed to dietary changes. The combined data 
of the stomach contents and 815N accumulation therefore shows that, in the 
bay, these Haemulidae and Lutjanidae feed on ever larger prey of ever higher 
trophic levels with fish size.
The diet shift to ever larger prey items with ontogeny may hypothetically lead 
to expansion of the foraging distance with increasing fish size in these mobile 
fish species, because the biomass per unit area of larger food items (such as 
decapod crabs and prey fish) is much less than the biomass of smaller 
macroinvertebrates (Nagelkerken et al. 2000b, Cocheret de la Morinière et al. 
subm. a). Such an expansion of foraging distance could lead the juveniles to 
find the coral reef, and it could therefore drive nursery-to-reef migrations.
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Also, zoobenthivorous fish which gradually become piscivorous will 
increasingly depend on high underwater visibility, which is higher on the coral 
reef than in the nursery habitats in Spanish Water Bay (Cocheret de la 
Morinière et al. 2002). Such considerations explain how nursery-to-reef 
migrations can be related to ontogenetic dietary changes.
Conclusions
The 813C values were useful discriminants between food items from the 
nursery habitats and samples from the coral reef, while the 815N values were 
indicators of trophic level within a habitat. All but one fish species showed a 
difference in carbon isotope signatures between adult individuals collected 
from reef habitats versus juvenile individuals collected from nursery habitats, 
which shows that these juveniles use nursery habitats for considerable time, 
and diurnal feeding migrations between the nursery grounds and the coral reef 
(as reported in other Caribbean locations) do not regularly occur. Mangroves 
were used for shelter and not as a feeding habitat, since all fish collected from 
mangroves had carbon isotope signatures close to 813C values in seagrass beds. 
Stable nitrogen isotopes proved a good indicator of diet change with ontogeny 
in the carnivorous fish species. The 815N accumulation with fish size was not 
apparent in the herbivorous species. The combined study of stomach contents 
and stable isotope analysis shows that the juveniles and adults of these reef 
fish species are ecologically separated for considerable time, and that the 
herbivorous fish species do not change trophic status with ontogeny while the 
carnivorous fish feed on ever larger prey of ever higher trophic level prior to 
migration from nursery habitat to the coral reef.
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What attracts nursery fish to mangroves: habitat 
complexity or shade?
E. Cocheret de la Moriniere, I. Nagelkerken, H. van der Meij, G. van der Velde
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Abstract
Mangroves are widely recognised as nursery habitats for a number of 
ecologically and economically important reef fish species. The benevolence of 
these habitats to nursery fish species is usually explained in terms of high food 
abundance, or shelter against predators by means of high turbidity and 
structural complexity. Field experiments involving the effect of shade on fish 
densities in mangroves are rare. In a field experiment, Artificial Mangrove 
Units (AMUs) were designed as open cages, each of which was provided with a 
different degree of structural complexity (PVC pipes) and shade (by use of 
shading fabric). Food (e.g. algal growth) was regularly removed and turbidity 
was the same in each of the total of sixteen AMUs. Fish species that were 
attracted to the AMUs were identified and counted, and the effect of shade and 
structural complexity as well as the interaction between the two factors was 
tested with a two-way ANOVA. Two species (Haemulon sciurus and Ocyurus 
chrysurus) that are common in local mangroves showed statistically significant 
effects, while the other species (most of which are more common in seagrass 
beds) showed no significant effects. In the case of Haemulon sciurus, fish 
density was positively related to both shade and structural complexity, while 
only shade had a significantly positive effect on fish densities of Ocyurus 
chrysurus. Interaction between the factors shade and structural complexity 
was not significant in any of the cases. The experiment showed that the 
attraction of H. sciurus to mangrove vegetation is motivated by structural 
complexity of the habitat as well as by the degree of shade, and that both 
factors are equally and separately important. Individuals of Ocyurus chrysurus 
that are attracted to mangroves, are motivated by the presence of shade rather 
than the degree of structural complexity. The data thus indicate that whether 
densities of nursery fish in mangrove habitats are increased by the degree of 
shade, by the degree of structural complexity, or by both factors, is species- 
specific. The presence of shade provides an important and currently 
unrecognised factor that can singlehandedly explain the high densities of fish 
in mangrove habitats.
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Introduction
Mangroves and seagrass beds are considered nurseries to a number of reef fish 
species in the Western Atlantic, Indian Ocean and Pacific Ocean (Parrish, 
1989). Several authors have suggested the benefits of such nursery habitats to 
juvenile reef fish, varying from high food availability to lower predation 
efficiency, lower predator abundance, and high interception rate of the 
vegetation to planktonic larvae (Odum and Heald, 1972; Carr and Adams, 
1973; Ogden and Ziemann, 1977; Blaber and Blaber, 1980; Shulman, 1985; 
Parrish, 1989; Heck and Crowder, 1991; Robertson and Blaber, 1992). Most 
authors have indicated that reduction of predation efficiency in nursery 
habitats is related to the structural complexity of the habitat (e.g. Heck and 
Crowder, 1991) or to the turbidity of the water (e.g. Robertson and Blaber, 
1992), but few authors have attempted to couple reduction of predation 
efficiency with the presence of shade in these nursery habitats. Lake fish, 
however, have been suggested to better see approaching objects and 
simultaneously be more difficult to see whilst hovering in shade (Helfman, 
1981). Also, most authors that provide hypotheses regarding predation 
efficiency in nursery habitats have based their conclusions on descriptive 
studies, and few have attempted field experiments in mangroves (but see e.g. 
Laegdsgaard and Johnson, 2001).
Studies in Spanish Water Bay (Curasao, Netherlands Antilles) based on visual 
surveys (Nagelkerken et al., 2000a), gut contents analysis (Cocheret de la 
Morinière et al., subm. a) and stable isotope analysis (Cocheret de la Morinière 
et al., subm. b) have shown that grunts (Haemulidae) and snappers 
(Lutjanidae) that occur in mangroves during daytime, do not feed there but 
leave the mangrove habitat at night to forage in seagrass beds. For these fish 
species, the function of mangroves is much stronger related to shelter than to 
food. If this shelter function is a valid explanation for the benevolence of this 
habitat, then predation efficiency on juvenile fish must be adversely affected. 
Predation efficiency can be reduced by the presence of structural obstacles 
(debris, leaves, prop roots, propagules, etc.) or by decreased underwater 
visibility. Decreased underwater visibility could be the result of shading by the 
mangrove canopy, or by high turbidity. In the non-estuarine Spanish Water 
Bay, however, turbidity under mangrove vegetation is similar to that above 
adjacent seagrass beds. Hence, the two factors which may affect predation 
efficiency of piscivores in the mangrove habitats in this bay are structural 
complexity and shade.
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Artificial mangrove units (AMU) were designed as open cage-like structures, 
each of which was provided with a different level of shade and structural 
complexity. With this field experiment we aimed to attract reef fish species 
that are known to inhabit mangroves in Spanish Water Bay, and to separate 
the importance of shade and structural complexity in the attractiveness of 
these habitats to nursery fish.
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Materials and methods 
Study area
The present study was carried out in Spanish Water Bay in Curasao, 
Netherlands Antilles (Fig. 1). This 3 km2 bay is shallow (largely < 6 m deep), 
harbours extensive seagrass meadows and is fringed by mangroves 
(Rhizophora mangle). There is no freshwater input into the bay other than 
rain, and salinity (avg. 35.4) is slightly higher than on the reef (avg. 34.6) 
(Cocheret de la Moriniere et al., 2002). The bay has a long (1 km) and narrow 
(70 m) entrance that connects it to the adjacent fringing coral reef. The site of 
the experiment was located adjacent to the channel at the entrance of the bay 
(Fig. 1). The average tidal amplitude in the area is 30 cm (De Haan and 
Zaneveld, 1959), and water depth at the site of the experiment averaged 93.8 
cm (± 4.9) during the experiment period. Water surface temperature at the site 
of the experiment averaged 30.3 °C (± 0.6), and underwater visibility was 20.6 
m (± 9.3) as measured by horizontal Secchi disk distance.
Experimental design
The ribs of each AMU (Artificial Mangrove Unit) were constructed with 1 m 
long iron rods (6 mm in diameter), in such a way that the lower ends of the 
rods could be pushed 20 cm into the sediment (Fig. 1). After placement in the 
sediment, the open cages measured 1.0 m wide, 1.0 m long and 0.8 m high 
(above the sediment). The sediment below the AMUs was covered with 
monospecific vegetation (Thalassia testudinum ) that was relatively 
homogeneous in leaf length (avg. 26.6 cm ± 7.7), leaf density (1231.6 m-2 ± 
180.3), shoot density (432.0 m-2 ± 34.9), and canopy height (avg. 12.1 cm ± 1.4). 
Four different levels of shade were created by covering the tops of the AMUs 
with a type of black shading fabric in various degrees of density (polyethylene 
monafilament, stabilised for UV rays) which is commonly used in agriculture 
and horticulture. Underwater light intensity (pE m-2 s-1) was measured in the 
center of the cages (below the covers) using a Li-Cor light meter (Table 1). 
Structural complexity in the AMUs was created using different densities of 40 
cm long PVC pipes (1.5 cm in diameter). These pipes were evenly distributed 
in the AMU by hanging them from nylon twine lines which were tied to the 
iron rod ribs of the cages. The range of light levels in the AMUs was similar to 
that in natural mangroves in Spanish Water Bay (between 77 and 1273 pE m-2 
s-1), and levels of structural complexity also match naturally occurring 
situations in these mangroves (between 0 and 58 roots, branches or propagules 
per m2).
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Each AMU represented a specific combination of shade level and degree of 
structural complexity, following the matrix in Table 1. The total of sixteen 
AMUs were randomly placed in a four-by-four configuration on the sediments 
at the site of the experiment, each 1 m apart from each other, and left for four 
days.
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Figure 1: Schematic drawing of an Artificial Mangrove Unit (AMU). The lower 20 cm ends of the 
ribs were pushed into the sediment. The tops of the AMUs were covered with shading fabric, 
and structural complexity was created by use of 40 cm long PVC pipes. Fish were able to freely 
enter and leave the cages. Distance between each AMU was 1 m, distance between the AMUs 
and the shoreline was minimum 15 m, and distance between the AMUs and the deep channel 
was minimum 5 m.
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Tab le  1: Matrix of the Artificial Mangrove Units (AMUs) with different levels of 
structural complexity (PVC pipes) and shade. AMUs with shade level A were not 
covered, while other cages were covered with shading fabric. Average light 
intensities per shade level (±  Standard Deviation) measured inside the AMUs are 
shown in parentheses (pE m-2 s-1). The number of PVC pipes that were placed 
inside each AMU is indicated between brackets for each structure level.
Shade A Shade B Shade C Shade D
(2069.1 ± 203.0) (985.3 ± 105.2) (505.3 ± 63.6) (139.0 ± 18.1)
Structure A (0) 1 5 9 13
Structure B (16) 2 6 10 14
Structure C (32) 3 7 11 15
Structure D (64) 4 8 12 16
At each survey, two observers carefully approached and snorkeled among the 
AMUs whilst counting and identifying the fish species in each cage. The AMUs 
were surveyed 24 times. After every three surveys, the sixteen AMUs were 
moved and replaced in a new randomised four-by-four configuration, in order 
to evenly distribute any effects of AMU configuration or location (e.g. distance 
from channel or shoreline, influence of sediment or seagrass below the cages). 
Algal growth on the shading fabric and PVC pipes was removed regularly.
Statistical analysis
Data (fish density) were square root transformed (Sokal and Rohlf, 1991), and 
analysed in a two-way ANOVA, with the four structure levels and the four 
shade levels as independent variables and the square root transformed fish 
numbers as dependent variables (Statistica 4.5 software). The data consisted 
of 8 cases per AMU, because the 24 surveys were averaged after every three 
surveys (after which relocation of the AMUs took place). Post-hoc multiple 
comparisons of means were performed using a Tukey HSD test.
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Results and discussion
The densities of the fish species that were observed in the AMUs (Artificial 
Mangrove Units) during the experiment are reported in Table 2. In two species 
(Haemulon sciurus and Ocyurus chrysurus), the data produced significant p- 
values for the effect of ‘structural complexity’ or ‘shade level’ or both. Average 
fish densities of H. sciurus in the AMUs increased significantly with both the 
level of structural complexity and the level of shade (ANOVA, p  < 0.05, Fig. 2a 
and b). The data show no interaction between the two factors (ANOVA, p  =
0.86). The estimated size of H. sciurus in the AMUs was between 13.8 cm and 
28.8 cm. This species is known to prefer mangroves over seagrass beds during 
daytime at all fish size-classes when both habitats are present (Cocheret de la 
Moriniere et al. 2002). At night, H. sciurus leaves the shelter of the mangrove 
vegetation to forage in the seagrass beds (Nagelkerken et al. 2000b). The 
findings of the present study suggest that the attraction of H. sciurus to 
mangrove vegetation is motivated by structural complexity of the habitat, as 
well as by the degree of shade, and that both factors are equally and 
separately important. Figure 2c illustrates the average increase of fish density 
in the AMUs with increasing structural complexity and shade level.
Tab le  2: Common and scientific names of fish species which were observed in the 
AMUs during the experiment, and their average number per cage per survey (±
Common name Scientific name Average N (±S D )
Bluehead wrasse Thalassoma bifasciatum 0.04 (0.36)
Bluestriped grunt Haemulon sciurus 0.71 (1.58)
Bucktooth parrotfish Sparisoma radians 0.28 (0.69)
Doctorfish Acanthurus chirurgus 0.02 (0.20)
Ocean surgeon Acanthurus bahianus 0.16 (1.01)
Slender filefish Monacanthus tuckeri 0.01 (0.09)
Slippery dick Halichoeres bivittatus 0.06 (0.27)
Smallmouth grunt Haemulon chrysargyreum 0.04 (0.36)
Spotted goatfish Pseudupeneus maculatus 0.01 (0.09)
Striped parrotfish Scarus iserti 0.37 (3.98)
Trumpetfish Aulostomus maculatus 0.02 (0.12)
Yellowtail snapper Ocyurus chrysurus 0.23 (0.74)
For Ocyurus chrysurus, the degree of structural complexity did not 
significantly increase fish density in the AMUs (ANOVA, p  = 0.36, Fig. 3a). 
The variable ‘shade’ had a statistically significant positive effect on fish 
density in the AMUs for this species (ANOVA p  < 0.05, Fig. 3b). Interaction 
between the two factors (shade and structural complexity) was not significant 
for this species (ANOVA, p  = 0.34). The estimated size of O. chrysurus was 
between 3.8 cm and 16.3 cm.
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In contrast to H. sciurus, this species has no daytime preference for either 
seagrass beds or mangroves in situations where both habitats occur (Cocheret 
de la Mori ni ère et al. 2002). Individuals of O. chrysurus which occur in 
mangroves during daytime, leave this habitat during nighttime to feed in 
seagrass beds (Nagelkerken et al. 2000b). The present study suggests that 
individuals of this species that are attracted to mangroves, are motivated by 
the presence of shade rather than the presence of structural complexity. Fig. 
3c illustrates the importance of shade for O. chrysurus in the AMUs.
The other fish species (all except H. sciurus and O. chrysurus) mentioned in 
Table 2 did not show significant effects when treated as separate species, nor 
when the fish count data of these species were pooled and treated as a group 
(ANOVA, p  > 0.05). Most of these fish species are not common in mangrove 
habitats in Spanish Water Bay, and some of them (e.g. Sparisoma radians, 
Scarus iserti, Acanthurus bahianus) typically inhabit seagrass meadows 
(Nagelkerken et al. 2000b).
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Structura l com p lex ity  (PVC  pipes)
Shade level
C
Figure 2: Mean fish density per AMU (±  Standard Error) of Haemulon sciurus, at the four 
different levels of structural complexity (A: number of PVC pipes) and shade (B). Statistically 
significant differences among means are indicated with letters (Tukey HSD); if two means share 
a letter, then they are not significantly different. A 3-D linear surface fit through the average 
fish densities in the AMUs is shown in C.
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Structura l com p lex ity  (PVC  pipes)
Shade level
C
Figure 3: Mean fish density per AMU (±  Standard Error) of Ocyurus chrysurus, at the four 
different levels of structural complexity (A: number of PVC pipes) and shade (B). Statistically 
significant differences among means are indicated with letters (Tukey HSD); if two means share 
a letter, then they are not significantly different. A 3-D linear surface fit through the average 
fish densities in the AMUs is shown in C.
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Seemingly marginal strips of mangrove vegetation of no more than 1 by 40 m 
at times harbour hundreds of fishes in Spanish Water Bay (Nagelkerken et al. 
2000b, Cocheret de la Moriniere et al. 2002). Most carnivorous fish species that 
inhabit these mangroves, however, do not feed in there but use the mangroves 
as daytime resting sites from which they migrate at night to forage in nearby 
seagrass beds (Nagelkerken et al. 2000a). This diurnal behaviour of fish 
migrating out of the mangroves was also observed in the present study: at 
nighttime, fish were not observed inside the cages. The artificial habitats in 
this experiment were therefore used as daytime resting sites, just as natural 
mangroves are used by these species for the same purpose. The fish species 
that occupied the AMUs were not attracted to the experimental design by the 
abundance of food, since any biota growing on the AMU surfaces (rods, shading 
fabric, PVC pipes) were removed regularly. While most authors have relied 
heavily on the effect of structural complexity and food abundance when trying 
to explain the benevolence of mangrove habitats to nursery fish (e.g. 
Laegdsgaard and Johnson 2001 and references therein), our experiment shows 
that shade can singlehandedly explain the attractiveness of mangrove habitats 
to fish species.
Conclusions
The data show that whether densities of nursery fish in mangrove habitats are 
increased by the degree of shade, by the degree of structural complexity, or by 
both factors, is species-specific. The presence of shade provides an important 
and currently unrecognised factor which can singlehandedly explain the high 
densities of fish species in mangrove habitats.
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Synthesis
The study of interlinkages between the reef fish community and adjacent 
coastal habitats is needed for the application of sound coastal zone 
management. Such interlinkages are formed by fish migrations between the 
coral reef and other habitats closeby. Migrations of fish between coastal 
habitats can be classified as (a) tidal migrations, (b) diurnal migrations, (c) 
spawning migrations (usually seasonal), and (d) life cycle migrations. Tidal 
migrations are not likely to occur in  the local situation (with an average tidal 
amplitude of 30 cm and measured tidal fluctuations in water height in the bay 
of maximum 12 cm), however, and have not been observed in or near Spanish 
Water Bay. Diurnal (feeding) migrations from the coral reef to seagrass beds or 
mangroves have not been observed during day or night surveys in the reef and 
bay habitats of Spanish Water Bay (Nagelkerken et al. 2000a, 2000b, 2000c, 
Cocheret de la Morinière et al. 2002). Stable isotope analysis also confirms 
that regular feeding migrations between the coral reef and adjacent habitats in  
Spanish Water Bay do not occur (discussed below). Spawning migrations of 
adult fish from the open sea or coral reef to nursery habitats are especially 
apparent in estuarine situations (Blaber 1997), the study species in this thesis 
are known to spawn on the coral reef or continental shelf (Munro 1983), and 
spawning has not been observed in coral reef fish species in  the non-estuarine 
Spanish Water Bay in any of the studies (Nagelkerken et al. 2000a, 2000b, 
2000c, Cocheret de la Morinière et al. 2002). Therefore, the only occurring 
migratory link between the reef fish community and adjacent habitats in  this 
location is represented by life cycle migrations of reef fish.
Spatial size-frequency distributions and Post-settlement Life Cycle 
Migrations
Life cycle migrations are displayed by reef fish species that use the various 
'nursery' habitats at different stages (sizes) during their life. This concept 
suggests that post-larvae of reef fish settle and grow up in  'nursery' habitats 
such as mangroves and seagrass beds, after which they migrate to the coral 
reef to take up permanent residence there. The function of mangroves and 
seagrass beds as nurseries in  the Indo-Pacific ocean has been under scrutiny, 
since different authors have reported contradictory conclusions regarding the 
importance of such nursery habitats (e.g. Quinn & Kojis 1985, Thollot & 
Kulbicki 1988, Thollot 1992, Bell et al. 1984, Tzeng & Wang 1985). In the 
Caribbean, the function of seagrass beds and mangroves as nursery habitats to 
coral reef fish has been generally accepted (see Parrish 1989 for a review).
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This nursery concept (juveniles-in-the-nursery and adults-on-the-reef), 
however, is largely based on qualitative descriptions of fish communities 
(Parrish 1989). Quantification of the size-distribution of fish in these habitats 
has mostly been focused on one or two habitats, often using different sampling 
methods in different habitats (e.g. Adams & Ebersole 2002). This makes 
comparison of the relative importance of each of the occurring habitats for 
different size-classes of fish difficult.
In this thesis, intensive censusing of the size-frequency distribution of the nine 
selected coral reef fish species in mangrove and seagrass habitats and the 
adjacent coral reef confirmed their use of nursery habitats (Chapter 2). The 
adults of all of these fish species were found predominantly on the coral reef, 
while their juveniles were almost exclusively observed in seagrass beds and 
mangroves. This spatial size-distribution of juveniles and (sub-) adults over 
different habitats suggests a Post-settlement Life Cycle Migration (PLCM) 
model in which juveniles grow up in nursery habitats to reach a size at which 
they migrate to take up permanent residence on the coral reef, in concordance 
with the nursery concept. Comparison of the size-frequency data among the 11 
sites in nursery habitats and the coral reef revealed two more detailed PLCM 
models. The three PLCM models (Fig. 1) are discussed below.
Four of the selected nursery fish species (Acanthurus chirurgus, Haemulon 
sciurus, Lutjanus apodus, L. griseus) appeared to simply settle and grow up in 
bay habitats such as seagrass beds and mangroves, and then to migrate to the 
coral reef in a later stage. This Long Distance PLCM (Fig.1, route 3) is a type 
of nursery-to-reef migration that can be expected from any reef fish species 
that uses alternative habitats as nurseries. However, specific size-distribution 
patterns emerged when the spatial size-distribution of fish over sites was 
studied. Juveniles of Acanthurus bahianus and Scarus taeniopterus were 
found only in nursery habitats at close proximity to the reef or on the reef flat, 
and their migration pattern concerned a limited scale (Short Distance PLCM: 
Fig.1, route 1). A third migration model was suggested by the Stepwise PLCM 
(Fig. 1, route 2) of three species (Haemulon flavolineatum, Ocyurus chrysurus, 
Scarus iserti), in which juveniles settle in the mouth of the bay, then migrate 
to habitats deeper into the bay to grow up there, after which they migrate in  
opposite direction, to take up permanent residence on the coral reef. Such 
detailed size-related migration patterns show that the spatial distribution of 
these fish species is not merely the result of the stochastic dispersal of their 
larvae, but that larvae and juveniles actively choose the most suitable habitat 
for their life stage.
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These detailed spatial distribution patterns appear to be strikingly stable 
(Chapter 3). Comparison of the results described above with visual census data 
in a second, consecutive year showed that, regardless of lower fish densities, 
the species-specific spatial size-frequency distribution patterns of the selected 
species were identical to those of the previous year. Despite recuitment 
patterns and variation therein, and taking day-to-day variation of fish 
densities into account over months of intensive research, the fish species 
showed high fidelity to their size-distribution and PLCM model in two 
consecutive years.
Figure 1: Three types of post-settlement migration among nurseries and the coral reef. Route 
1 depicts the Short Distance PLCM, route 2 Stepwise PLCM, and route 3 Long Distance PLCM 
(explanation see text).
Habitat preference
During daytime, herbivorous fish feed in nursery habitats while 
carnivorous fish species use these habitats mainly as resting sites 
(Nagelkerken 2000a, 2000b). During nighttime, herbivorous fish in nursery 
habitats seek shelter in crevices and ‘disappear’ from the water column, while 
carnivorous fish move from mangrove habitats to feed in seagrass and algal 
beds (Nagelkerken et al. 2000b). Therefore, the relative density distribution of 
a fish species over mangroves and seagrass beds at daytime is viewed as a 
matter of choice. Cluster-analysis of the mangrove-to-seagrass density ratios of 
each size-class of the nine species at four sites that harboured both habitats, 
showed different levels of habitat preference. Lutjanus apodus, L. griseus and 
Haemulon sciurus showed strong preference for mangroves over seagrass beds 
at all size-classes. Acanthurus bahianus was not observed in mangroves, 
reflecting strong preference for seagrass beds. Ocyurus chrysurus and 
Acanthurus chirurgus utilised both habitats. Scarus iserti and Haemulon 
flavolineatum  also used both habitats, but there was a trend of increased 
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preference for mangroves with increasing fish size, while the smallest 
juveniles of these species were strongly associated with seagrass beds. From 
comparisons among bays with and without mangroves or seagrass beds on 
Curasao (Nagelkerken et al. 2001a), we know that species that showed strong 
preference for mangroves in the present study (Lutjanus apodus, L. griseus, 
Haemulon sciurus) depend greatly on the presence or absence of seagrass beds. 
Given the choice, these species apparently prefer mangroves as daytime 
resting sites for shelter, while their dependence on seagrass beds is best 
explained by the larger abundance of preferred food items in seagrass habitats 
in which they forage at night (Chapter 4).
The high fidelity of these fish species to specific spatial size-frequency 
distributions and thus to species-specific migration models, shows that the use 
of nursery habitats involves a level of choice, and is not merely the result of 
the stochastic dispersal of their larvae. The strong preference of some fish 
species for mangrove habitats further underlines the importance of such 
habitats. Especially in the case of Spanish Water Bay, both larvae and 
juveniles must put effort in finding nursery habitats located in the long and 
narrow entrance and deeper into the bay. The length and narrowness of the 
canal probably explains why nursery-reef fish species in Curasao spend much 
more time in nursery habitats than in more openly connected reef-nursery 
systems. Shulman & Ogden (1987), for example, estimate that reef fish that 
settle onto sand and seagrass habitats migrate to nearby reefs within weeks, 
while our estimated residence time of reef fish in nursery habitats in Spanish 
Water Bay based on length-to-age curves (Fishbase 1995, ICLARM, 
http://ibs.uel.ac.uk/fishbase/) is a minimum of 12 months. The fact that most of 
these highly abundant and commercially important reef fish species depend on 
the presence of nursery habitats for their survival (Nagelkerken et al. 2000a), 
reveals the vulnerability and importance of the entrance canal to nursery-reef 
fish species. Generally, the findings call for an integrated approach to coastal 
zone management (Clark 1996, Talbot & Wilkinson 2001) of the reefs of 
Curasao and the bays containing seagrass beds and mangroves. The human 
impacts of recreation, boating, the felling of mangroves for the construction of 
piers, and waste disposal in the bay and on the reef must all be limited to a 
sustainable degree. The entrance canals to these non-estuarine bays of 
Curasao should receive special attention since they are the “highway” to and 
from the coral reef. Necessary funding for the enforcement of protective 
programs and coastal management education could be raised from tourists, 
who are often willing to pay an environmental tax for SCUBA diving, glass- 
bottom boating and reef fishing. The neighbouring island Bonaire sets a good 
example and has successfully implemented such a tourist tax in the form of 
obligatory dive badges which are sold by dive schools to SCUBA diving 
tourists.
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Why do the juveniles o f some coral ree f fish use nursery habitats?
The importance of nursery habitats to the coral reef fish species can be 
explained in terms of benevolence by a number of hypotheses:
(a) mangroves and seagrass beds provide a greater abundance of food
than unvegetated areas or the coral reef (Odum & Heald
1972, Ogden & Ziemann 1977);
(b) the structural complexity of the nursery habitats provides shelter
against piscivorous predators (Parrish 1989, Robertson &
Blaber 1992);
(c) shade may reduce predation efficiency of predators in the nursery
habitats (Helfman 1981, this thesis);
(d) the usually more turbid waters in nursery habitats may reduce
predation efficiency of piscivores (Blaber 1997, Robertson &
Blaber 1992);
(e) nursery habitats usually harbour lower numbers of piscivorous
predators (Shulman 1985, Parrish 1989).
Hypothesis (a) is certainly valid for the seagrass beds in Spanish Water Bay, 
which harbour much higher abundances of crustaceans (Nagelkerken 2000a, 
Chapter 4) and epiphytic algae (Chapter 3, 4) compared to the adjacent reef. 
The mangrove habitats, however, have low abundances of planktonic and 
benthic crustaceans which are similar to the low densities found on the coral 
reef. Stable isotope analysis showed that all fishes (carnivorous and 
herbivorous) in the bay forage in seagrass beds and do not feed from mangrove 
habitats (Chapter 5). This confirms the finding by Nagelkerken et al. (2000a), 
that carnivorous grunts and snappers use mangroves as daytime resting sites 
which are abandoned at night to forage in seagrass beds.
Structural complexity (hypothesis b) does reduce predation efficiency (Heck & 
Crowder 1991) and is positively related to fish density (Nagelkerken et al. 
2000a). However, the attraction of fish species to mangroves is not always 
influenced by structural complexity (Chapter 6). The structural complexity of 
seagrass beds is defined by vegetation characteristics which are, in turn, 
strongly correlated to food abundance (Chapter 3). The trend of small fishes in 
seagrass beds and larger individuals in mangroves (observed in two species, 
Chapter 2) supports the idea that seagrass beds effectively provide shelter for 
a limited range of fish sizes (Ogden & Ehrlich 1977, Shulman 1985, Rooker & 
Dennis 1991). The fishes in mangroves do not feed from this habitat but forage 
in seagrass beds (Chapter 4, 5). This suggests that seagrass beds form an 
important provider of both food and shelter for juveniles of a limited size- 
range, and mangroves provide daytime shelter for fish that forage in seagrass 
at night. The shelter function of mangroves is defined by structural 
complexity, or by shade (see below).
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The presence of shade in nursery habitats (hypothesis c) could well affect 
predation efficiency of piscivores, but little research has been done to 
experimentally establish this. From our field experiments it is clear, however, 
that shade can play a crucial role in the attraction of fishes to mangroves, 
which can even surpass the influence of structural complexity on fish density 
in mangroves (Chapter 6). This conclusion is an important addition to the 
hypotheses regarding shelter currently upheld by scientists.
Because most research on nursery habitats has been done in estuarine 
situations (Blaber 1997), the hypothesis that high turbidity is an important 
factor in reducing predation efficiency of piscivores is widely accepted 
(hypothesis d). The non-estuarine bay concerned in this thesis has higher 
turbidity than the adjacent coral reef, but the difference is not as large as in  
estuarine situations, and underwater visibility is relatively high. In fact, one of 
the reasons the bay was chosen as a research site was its high underwater 
visibility and the applicability of the visual census technique. It is therefore 
questionable whether predation efficiency by piscivores is reduced by the 
turbidity levels in Spanish Water Bay. Nagelkerken et al. (2000a) found 
highest total fish densities at sites with lowest turbidity in this bay. The 
occurring turbidity gradient in the bay was found to be poorly correlated to fish 
densities or fish size (Chapter 3) when analysed for each separate species. 
Since the reduction of predation efficiency of piscivores by high turbidity is not 
likely in Spanish Water Bay, and reef fish species still make use of nursery 
habitats within this bay, the importance of hypothesis (d) must be 
reconsidered.
Hypothesis (e) must be handled with great care since it has not really been 
substantiated (Sheaves 2001), although it is widely supported. In Nagelkerken 
et al. (2001b) we found higher total densities of piscivorous predators on the 
coral reef compared to total densities in the bay, but the density of piscivores 
in mangroves (in the bay) was highest. The high densities of piscivores in 
mangroves is mainly formed by piscivorous snappers, however, which feed on 
achovy and herring and such silversides, and not on juvenile reef fish. It can 
therefore be stated that the number of piscivores that have a predator-prey 
relationship with juveniles of coral reef fish is lower in nursery habitats than 
on the coral reef.
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How are ontogenetic shifts related to Post-settlement Life Cycle 
Migrations?
The nursery concept intrinsically proposes nursery-to-reef migration over a 
species-specific size range. From our studies, more detailed migration models 
were derived (Fig. 1), involving two directions of post-settlement migration. 
The first direction of post-settlement migration is the first stage in the 
Stepwise PLCM model, where juveniles which have settled in the mouth of the 
bay migrate to nursery habitats deeper into the bay. The second direction is 
from the nursery habitat to the coral reef, which is the basic direction of post­
settlement migration in Long Distance PLCM and Short Distance PLCM, and 
forms the second stage of Stepwise PLCM (Fig. 1). The timing of such post­
settlement life cycle migrations from the nursery to the coral reef (and thus 
the amount of time spent in nursery habitats) and among nursery habitats 
must be related to changes during the life cycle of the fish.
Possible biological and physiological mechanisms related to reef fish ontogeny, 
which may instigate or promote migrations from one habitat to another are:
1. the migratory pathways are marked by environmental factors (turbidity, 
temperature, salinity, depth, habitat complexity, etc.) or gradients and 
seasonal changes therein, to which nursery fish become suddenly or 
increasingly more susceptible with fish growth (derived from e.g. Blaber 
1997);
2. physiological or morphological changes in the juveniles (e.g. photon 
receptor sensitivity, development of gonads, development of swimming 
or navigational capabilities) increase their home range (derived from e.g. 
Helfman et al. 1982, Gerking 1994, Hyndes et al. 1997);
3. ontogenetic changes in feeding strategy (e.g. from zoobenthivory to 
piscivory) lead to larger home ranges, thereby increasing the chance of 
accidentally finding the reef habitat (derived from e.g. Edgar and Shaw 
1995a, 1995b, Muñoz and Ojeda 1998);
4. spatial distribution of food abundance or food types determines choice of 
habitats (derived from e.g. Brook 1977, Parrish and Zimmerman 1977, 
Edgar and Shaw 1995a, 1995b);
5. nursery-to-reef migrations may be prompted at the size at which a fish 
outgrows the protection of structural complexity of the nursery habitat 
(based on Shulman 1985, Rooker & Dennis 1991).
Based on the findings in this thesis, some hypotheses can be discarded or 
deemed unlikely, while others can be supported. Below, the plausibility and 
application of the hypotheses are discussed.
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The migration from the mouth of the bay to nursery habitats deeper in the bay 
(as in the first stage of Stepwise PLCM) is much stronger correlated to factors 
involving food abundance (hypothesis d) and shelter (hypothesis a) than to 
physico-chemical environmental factors such as turbidity, water temperature 
and salinity (Chapter 3). This gradient of food and shelter may be tracked by 
juveniles that grow increasing higher mobility or increasing physiological 
susceptibility to the gradient (hypothesis b). At the fish size-class (0-5 cm) that 
displays this type of migration, no diet shift can be related to food abundance 
in the habitats (Chapter 4), which discards hypothesis c). Outgrowing the 
protection of structural complexity is not a plausible option (hypothesis e), 
since these small juveniles in this type of migration move among similar 
seagrass (Thalassia testudinum) habitats. The migration from the mouth of 
the bay to nursery habitats deeper in the bay is therefore most likely related to 
the gradient of food and shelter, and possibly to ontogenetic changes in the 
susceptibility of the juveniles or their capacity to respond to such gradients.
The second direction of migration, the nursery-to-reef migration, is not likely 
the result of outgrowing the protection of structural complexity of the habitat 
(hypothesis e) in the case of grun ts and snappers. These fish species have 
been observed to inhabit mangrove habitats at larger fish sizes, possibly as a 
result of outgrowth of the protection of seagrass vegetation, but it is nearly 
impossible for these species to outgrow the protection of the mangrove habitat. 
The distribution of food abundance or food types (hypothesis d) is not a 
plausible drive behind nursery-to-reef migrations because all food types occur 
in high abundance in nursery habitats. Related to food type, however, is the 
transition from zoobenthivore to piscivore in especially the snapper species, 
which entails an increasing need for clear water conditions. The need for clear 
water (low turbidity) is therefore an important reason for piscivorous snappers 
to move to the reef habitat. Whether turbidity forms an important promotor of 
such migrations is questionable, however, since a gradient does not occur in  
Spanish Water Bay and turbidity changes rather abruptly in the mouth of the 
bay due to minimal water mixing with the ocean. Other physico-chemical 
factors (hypothesis a) are evenly unlikely promotors of nursery-to-reef 
migrations for the same reason: there is no gradient. Additionally, fish 
migration following the gradient of food and shelter is not deemed plausible 
since the nursery-to-reef migration is executed in opposite direction to this 
gradient. Hypotheses b) and c) are both related to the increase in home range 
or daily migration range with ontogeny. If the fish species in the bay increase 
their daily migration radius with ontogeny, the distances travelled each day 
will increase, thereby increasing the chance of ‘discovering’ the exit (mouth) of 
the bay and subsequently the coral reef.
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Once arrived on the coral reef, which stretches over an area much larger than 
the surface area of the bay and its narrow entrance, these fishes stay on the 
reef habitat, where they can migrate over large distances. Test trials (Cocheret 
de la Moriniere, unpubl. data) with marked grunts and snappers indeed 
indicated larger daily migration distances in larger fish. This increasing home 
range with ontogeny can be the result of biological changes in the fish 
(hypothesis b): e.g. the development of gonads may bring about the restless 
search for spawning partners; swimming capability may be enhanced simply 
by increased body size; or the physiology of compass navigation may develop at 
some particular stage in fish ontogeny (Helfman et al. 1982, Gerking 1994, 
Hyndes et al. 1997). The increasing home range with ontogeny can also be the 
result of an increasing need for larger prey, which is less abundant than small 
prey, which leads fish to migrate over larger distances in search of such larger 
prey items (hypothesis c). This thesis provides strong evidence for the 
increasing consumption of ever larger prey with fish ontogeny in grunts and 
snappers. The grunts may be prompted to migrate from nursery habitat to reef 
habitats because of this dietary change, or because of the development of the 
gonads since both occur at around the same fish size (Chapter 4). In the case of 
the snappers, sexual maturation is not a likely factor resulting in migration to 
the coral reef, since fish size at sexual maturity is much larger than fish size in 
the nursery-to-reef migration range (Chapter 4). In summary, the nursery-to- 
reef migration in the life cycle of grunts and snappers is probably promoted by 
the increase of home range with fish ontogeny (hypothesis b and c) and not by 
the other hypotheses. This increase of home range may be the result of 
ontogenetic diet changes and development of gonads in grunts, while in  
snapper species the ontogenetic diet changes form a possible cause of 
ontogenetic increase of home range and the development of gonads does not.
In the case of the herbivorous scarid s and acanth urids, outgrowing the 
protection of seagrass beds (hypothesis e) may well prompt nursery-to-reef 
migrations of these species. Hypothesis d) does not provide a likely promotor of 
nursery-to-reef migrations, since macrophytes and epiphytes (the preferred 
food of herbivorous reef fish) are much more abundant in seagrass beds than 
on the coral reef. The herbivores do not show major diet changes that could 
possibly lead to enlargement of home ranges (Chapter 5), which discredits 
hypothesis c). It remains possible, however, that both hypothesis c) and d) 
apply in the case of an ontogenetic shift in feeding preference for specific algae, 
since the food items in the digestive tracts of herbivorous fishes were not 
determined to species level in this thesis. As with the grunts and snappers, 
environmental gradients of physico-chemical parameters do not exist and 
gradients in food and shelter (hypothesis a) do not form a logical promotor for 
nursery-to-reef migrations.
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The most likely promotor of nursery-to-reef migrations during the life cycle of 
herbivorous reef fish must therefore lie in the biological changes within the 
fish (hypothesis b) leading to increasing home range with ontogeny, but no 
direct evidence for this can be obtained from this thesis. A probable driving 
force behind such a nursery-to-reef migration could be the development of 
gonads and subsequent search voor spawning partners, since the size at which 
the herbivores leave the bay in Long Distance PLCM and Stepwise PLCM is 
also the average size at which these species become sexually mature (Chapter 
2).
Future research
Although this thesis and our previous work (Nagelkerken 2000a) has 
accumulated compelling indications of life cycle migrations of reef fish species 
from nursery habitats to the coral reef, such migrations have yet to be verified. 
The direct way would be to catch and mark or tag these fish in nursery 
habitats, and recapture them on the coral reef. The mark or tag would have to 
last for at least 12 months, and juvenile fish would have to be caught and 
marked or tagged in vast numbers. Another way would be to measure 
macronutrient and trace-element ratios in the deposits of fish otoliths (see 
Swearer et al. 1999), which could leave a unique trace of the temporary 
residence in nursery habitats. The naturally occurring trace-elements that 
differentiate between the nursery habitat and the coral reef would have to be 
identified for this method, and their deposition in juvenile otoliths verified 
before application of this technique. Once developed and validated, large 
numbers of reef fish could be collected from reef habitats (local fishers are 
often willing to donate fish heads) and the number of individuals in the reef 
dwelling population of a fish species which have used nursery habitats could 
then be identified. Similar results could be obtained from analysis of stable 
isotope ratios in the early deposits of typical isotopes in otoliths. Measurement 
of such isotope ratios in calcareous or keratinous tissues such as otoliths or fin 
rays or bones are probably best used for such analysis, because those tissues 
reflect the location where they were synthesised (Gannes et al. 1998, Hobson 
1999). In this way, the proportion of a population which has used nurseries 
could be identified and the importance of nursery habitats to reef fish 
populations thereby quantified.
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Following the question of quantification of the importance of nursery habitats 
to reef fish populations, the spatial extent to which such nurseries influence 
reef fish populations must be clarified. In other words, how large must nursery 
habitats be to sustain or support how large a reef fish population? One way of 
approaching this is collecting size-frequency data of reef fish species on the 
entire reef in transects increasingly further from a bay which contains 
mangrove and seagrass nurseries. Such data have been collected by Msc. M. 
Dorenbosch (University of Nijmegen, The Netherlands) and are now being 
processed. Molecular genetics could also help defining the spatial borders of 
reef fish populations, which would aid in the quantification of the importance 
of nursery habitats to reef fish populations. Additionally, defining the spatial 
borders of population sizes of nursery-reef fish on a larger scale could reflect 
the genetic exchange between parts of islands (e.g. windward versus leeward 
side) or among whole islands with and without nursery habitats.
Interestingly, some species of congeneric species pairs (Acanthurus bahianus 
and A. chirurgus; Scarus iserti and S. taeniopterus) used different migration 
patterns. In both species pairs, post-larvae would settle in the mouth of 
Spanish Water Bay, after which one species would migrate to the coral reef 
(Short Distance PLCM) while its congener migrates deeper into the bay before 
finally taking up permanent residence on the coral reef (Stepwise PLCM). The 
same difference in habitat use is apparent for all reef fish species that 
complete their entire life cycles on the coral reef, while their congeners (such 
as fish species in this study) use nursery habitats during a large part of their 
juvenile phase. The benefits of the temporary separation of subpopulations of 
closely related fish species may lie in the temporary alleviation of (size-related) 
competition (Risk 1998, Sponaugle & Cowen 1996). This brings us back to the 
question why some reef fish use nurseries while closely related reef fish species 
do not. The answer must lie in the differences among the larvae of these 
species, since it is this stage which determines the place of settlement, as well 
as in the differences among juveniles because Post-settlement Life Cycle 
Migrations take place in the juvenile phase. Answering this question will 
require both a physiological and a morphological approach, in search of 
interspecific differences in an evolutionary context.
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One of the hypotheses for the benefits of the use of nurseries is the high 
abundance of food in such habitats. Not only would higher food abundance 
(combined with shelter) result in lower mortality rates among juveniles, but 
also in higher growth rates. Higher growth rates, in turn, could be beneficial 
because the time spent in a size-class of high predation risk would be 
minimised. It has yet to be confirmed whether juvenile fish grow faster while 
feeding in nursery habitats, but preliminary results of growth rates derived 
from otoliths of French grunts (Haemulon flavolineatum) in seagrass beds 
show growth rates similar to those found in studies with individuals of that 
species in reef habitats (Cocheret de la Morinière, unpubl. data).
The analysis of stable isotopes is a useful tool for a number of applications 
(reviewed in Hobson 1999). However, a number of fundamental questions 
remains unanswered (reviewed in Gannes et al. 1998). Though stomach 
contents analysis by itself may not decisively label the occurring diet shifts as 
either gradual or discrete (Chapter 4), the stable isotope data suggest that 
these diet shifts are gradual with fish size (Chapter 5). Discrete diet changes 
at particular life stages may, however, be reflected as a gradual change of 
stable isotope ratios in tissues with increasing body size, since it depends on 
the rate of time integration (turnover rate). After a diet-switch, the change in 
isotopic composition of the tissue depends on the turnover rate of the tissue 
constituents (Gannes et al. 1998). The turnover rates of fast growing species 
are thought to be largely determined by growth (e.g. Fry & Arnold 1982, 
Herzka & Holt 2000), and younger animals have faster turnover rates than 
older animals (Hobson 1999, Tieszen et al. 1983). Few authors have reported 
turnover rates of fish (Doucett et al. 1999, Herzka & Holt 2001) and the period 
of time integration is roughly in the range of weeks or months for muscle 
tissue (Hobson 1999), but may span years in slow-growing wild fish 
populations (Hesslein et al. 1993). In their ‘call for more laboratory 
experiments’, which aimed to validate the assumptions underlying the 
inferences from stable isotope data, Gannes et al. (1997) overlooked the caveat 
of possible physiological changes in stable isotope fractionation and turnover 
rates occuring at different animal life stages. This caveat needs to be resolved, 
for instance because some authors have interpreted deviations from the 
average 15N increment between two adjacent trophic levels of 3.4%o (adopted 
from Minagawa & Wada 1984) as a reflection of omnivory (e.g. Cabana & 
Rasmussen 1994, Marguillier et al. 1997), while size-specific turnover rates 
and isotopic allocation in different tissues could potentially cause unexpected 
levels of 15N enrichment.
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Three nursery-reef fish species were not strictly dependent on the presence of 
either seagrass beds or mangroves for survival (Nagelkerken et al. accepted), 
because they can use back-reef or the reef flat as an alternative habitat. It 
must be taken into account that the massive loss of staghorn and elkhorn 
corals (Acropora sp.) has left Caribbean reef flats almost empty of structural 
complexity which makes them a sub-optimal nursery habitat. This not only 
emphasises the importance of mangrove and seagrass nurseries, but also urges 
scientists to look to the subject of the rebuilding of structural complexity in the 
reef flats and back-reef habitats in the form of artificial Acropora habitats, or 
to aid the regrowth of such corals (e.g. by providing artificial surface for 
settlement of Acropora larvae).
Our field experiments showed that in some cases, the presence of shade can 
surpass the effect of structural complexity on fish density in mangrove 
habitats. The effectiveness of shade in reducing predation efficiency of 
piscivores needs to be examined experimentally.
Conclusions
1. The use of nursery habitats during fish ontogeny was confirmed for nine 
reef fish species, which comprise more than 70% of total reef fish density 
in nursery habitats.
2. The juvenile-in-the-nursery subpopulations of nursery-reef species are 
ecologically separated from their adults-on-the-reef subpopulation for 
considerable time (more than 12 months), and diurnal feeding 
migrations between the coral reef and the nursery habitats do not 
regularly occur.
3. The use of nursery habitats by these reef fish species during their life 
cycle entails more detailed and species-specific migrations patterns than 
previously thought.
4. Three specific models of Post-settlement Life Cycle Migration (PLCM) 
were derived: (a) Long Distance PLCM, in which post-larvae settle and 
grow up in nursery habiats after which the juveniles and sub-adults 
migrate to the coral reef to take up permanent residence; (b) Stepwise 
PLCM, in which post-larvae settle in nursery habitats close to the reef, 
then migrate to nursery habitats further away from the reef, followed by 
the nursery-to-reef migration; and (c) Short Distance PLCM, which 
entails settlement in nursery habitats close to the coral reef (seagrass 
beds and reef flat) followed by a migration to deeper reef habitats.
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5. The species-specific spatial size-frequency distributions were 
remarkably stable in two consecutive years, regardless of regular 
recruitment and among-year differences in fish densities, suggesting 
high fidelity of these fish species to a specific PLCM model in both 
consecutive years.
6. Seemingly marginal strips of mangrove vegetation in Spanish Water 
Bay contain high densities of reef fish species.
7. The fish species use mangroves for daytime shelter (via structural 
complexity or shade) and not as a feeding ground. Seagrass beds are 
used both for shelter and as feeding grounds at daytime (herbivorous 
species), or as daytime shelter sites and nighttime feeding grounds 
(carnivorous species).
8. Some of the nine fish species prefer mangroves, other species prefer 
seagrass beds as a daytime habitat. The species which occur in similar 
densities in mangrove and seagrass habitats had smallest individuals in  
the seagrass habitat and the largest fishes in the mangrove habitat.
9. The attraction of mangrove habitats to some fish species is not only due 
to structural complexity but also to shade. The individual importance of 
structural complexity and shade in attracting fish species appears to be 
species-specific, and the presence of shade can singlehandedly explain 
this attraction.
10. The suggested effect of turbidity (reduction of predation efficiency) in 
explaining the presence of juveniles in nursery habitats may need to be 
reconsidered, since it played no role in our studies in Spanish Water 
Bay.
11. The carnivorous nursery-reef fish species in nursery habitats show 
gradual ontogenetic diet shifts before migration to the coral reef: grunts 
(Haemulidae) and snappers (Lutjanidae) consume ever larger prey with 
increasing fish size. Herbivorous doctorfishes (Acanthuridae) and 
parrotfishes (Scaridae) do not show drastic diet shifts during their 
residence in nursery habitats.
12. This ‘prey size-to-fish size’ relationship of carnivorous species provides a 
hypothetical mechanism leading to increasing home range with fish 
growth and thereby increasing the chance of discovery of the nearby 
coral reef.
13. Migrations of fish directed deeper into the bay are likely promoted by a 
gradient of increasing food abundance and habitat complexity.
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15. In the case of the herbivorous scarids and acanthurids, outgrowing the 
protection of seagrass beds may well prompt nursery-to-reef migrations 
of these species. After this trigger, the nursery-to-reef migrations during 
the life cycle of herbivorous reef fish are further promoted by the 
biological changes within the fish leading to increasing home range with 
ontogeny. A probable driving force behind such an increase in home 
range could be the development of gonads and subsequent search for 
spawning partners, since the size at which the herbivores leave the bay 
in Long Distance PLCM and Stepwise PLCM is also the average size at 
which these species become sexually mature.
16. Coral reef management should focus on the coastal zone as a whole, 
including the bays and their nursery habitats. The narrow and long 
entrances to these bays should be treated with special care, since they 
form the “highway” over which fish migrations occur. Mangrove habitats 
need urgent protection, since they harbour high densities of 
commercially and ecologically important reef fish species and have 
suffered (and are still suffering) substantial habitat loss.
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Summary
The coral reef ecosystem forms an important fisheries resource to commercial 
and local subsistence fishers as well as sports fishers throughout the tropics, 
and has attracted many tourists and scientists for SCUBA diving and 
research. Coral reefs, however, are not the only shallow-water habitats for 
estuarine or marine fish in tropical coastal zones. Seagrass beds, mangrove 
forests, algal beds, unvegetated mud or sand flats, back-reef or fossil reef 
shores can usually be found closeby. In many studies, juveniles of reef fish 
species were found in high densities in non-reef habitats, while the adults were 
found almost exclusively on the coral reef itself. From this spatially 
heterogeneous size-frequency distribution, Post-settlement Life Cycle 
Migration (PLCM) patterns were suggested that gave birth to the nursery 
concept. Especially seagrass beds and mangroves have received considerable 
attention as ‘nursery habitats’, suggesting that juvenile reef fish grow up in 
these habitats before they migrate to the coral reef to take up permanent 
residence there. The advantages of the use of nursery habitats during the reef 
fish life cycle, are usually explained in terms of food (greater abundance and 
availability in nursery habitats) and shelter (against piscivorous predators, 
caused by high turbidity or structural complexity). Although this nursery 
concept is widely recognised, it is largely based on studies in one or two 
habitats of the mangrove-seagrass-reef zonation, often with different sampling 
methods, thus complicating comparisons among studies and among habitats. 
Also, the function of seagrass and mangrove habitats as nurseries for reef fish 
has only been consistently concluded in studies in the Western-Atlantic 
(Caribbean), while the role of such habitats to reef fish in the Indo-Pacific is 
not always clear. The quantification of the relative importance of the coastal 
‘nursery’ habitats for the occurring size-classes of reef fish in the coastal 
zonation using a single method has really begun quite recently. In a recent 
thesis by Ivan Nagelkerken 17 Caribbean reef fish species that used nursery 
habitats as juveniles were identified (and are therefore labelled ‘nursery-reef 
fish species’), by surveying the size-frequency distributions of fish populations 
with a single method (visual census).
In the present thesis, we selected nine of the most abundant of these ‘nursery- 
reef fish species’, and focused on the processes that occur during the reef fish 
life cycle. The thesis attempts to provide insights in two basic questions. The 
first is “Why do the juveniles of some coral reef fish species use nursery 
habitats?”, and the second is “How are are ontogenetic shifts related to life 
cycle migrations?”. After all, the timing of life cycle migrations from the 
nursery to the coral reef (and thus the amount of time spent in nursery 
habitats) must be related to changes during the life-time of the fish.
151
The density and size-frequency of the nine reef fish species (including 
herbivores, zoobenthivores and piscivores) was determined during a five- 
month period using a single methodology, viz. underwater visual census. The 
spatial size-distribution of the nine species suggested three possible models for 
Post-settlement Life Cycle Migrations (PLCM). Haemulon sciurus, Lutjanus 
griseus, L. apodus, and Acanthurus chirurgus appear to settle and grow up in 
bay habitats such as mangroves and seagrass beds, and in a later stage 
migrate to the coral reef (Long Distance PLCM). Juveniles of Acanthurus 
bahianus and Scarus taeniopterus were found only in bay habitats at close 
proximity to the coral reef or on the reef itself, and their migration pattern 
concerns a limited spatial scale (Short Distance PLCM). Some congeneric 
species carry out either Long Distance PLCM or Short Distance PLCM, 
thereby temporarily alleviating competition in reef habitats. Haemulon 
flavolineatum , Ocyurus chrysurus and Scarus iserti displayed a Stepwise 
PLCM pattern in which smallest juveniles dwell in the mouth of the bay, 
larger individuals then move to habitats deeper into the bay, where they grow 
up to a (sub-) adult size at which they migrate to nearby coral reef habitats. 
Comparison of the results described above, with visual census data in a 
consecutive year, showed that (regardless of lower fish densities) the species- 
specific spatial size-frequency distribution patterns of the selected species were 
identical to those of the previous year. The high fidelity of these fish species to 
a specific spatial size-distribution pattern in both consecutive years, regardless 
of temporal variability in fish densities, strongly emphasises the species- 
specific nature of the role that nurseries play for coral reef fish.
The relative density distribution of the size-classes of the selected species over 
mangroves and seagrass beds suggested high levels of preference for either 
mangroves or seagrass beds of some species, while other species used both 
habitats as a nursery. From observations and stable isotope analysis it was 
derived that mangroves were used for shelter and not as a feeding habitat, 
since all fish collected from mangroves had carbon isotope signatures close to 
813C values in seagrass beds.
Stable isotope analysis of fish samples and potential food items collected from 
each of the three habitats in the mangrove-seagrass-reef zonation, combined 
with fish gut contents analysis revealed ontogenetic diet changes in grunts 
(Haemulidae) and snappers (Lutjanidae). These carnivorous fish species 
showed significant positive relationships between 815N values and fish size in 
all carnivorous fish species, which concurred with the decreasing dietary 
importance of small crustaceans and increasing consumption of decapod crabs 
or prey fish.
152
Gut contents analysis of herbivorous fish (Scaridae and Acanthuridae) suffered 
problems with identification of the ingested food items, but there was no 
change in 813C or 815N values of the muscle tissue with fish size. 813C values 
proved useful to discriminate between food items from the coral reef and food 
items from the nursery habitats. All 813C values of fish sampled from the coral 
reef were close to the carbon isotope signature of food items on the reef, and 
were significantly depleted compared to 813C values of fish from the nursery 
habitats (with the exception of Scarus iserti). The combined study of stomach 
contents and stable isotope analysis shows that the juveniles and adults of 
these reef fish species are ecologically separated for considerable time, and 
that the herbivorous fish species do not change trophic status while the 
carnivorous fish feed on ever larger prey of ever higher trophic level prior to 
migration from nursery habitat to the coral reef.
In a field experiment, Artificial Mangrove Units (AMU’s) were designed as 
open cages, each of which was provided with a different degree of structural 
complexity (PVC pipes) and shade (by use of shading fabric). Food (e.g. algal 
growth) was regularly removed and turbidity was the same in each of the total 
of sixteen AMU’s. Fish species that were attracted to the AMU’s were 
identified and counted, and the effect of shade and structural complexity as 
well as the interaction between the two factors was tested with a two-way 
ANOVA. The experiment showed that the attraction of Haemulon sciurus to 
mangrove vegetation is motivated by structural complexity of the habitat as 
well as by the degree of shade, and that both factors are equally and 
separately important. Individuals of Ocyurus chrysurus that are attracted to 
mangroves, are motivated by the presence of shade rather than the degree of 
structural complexity. Interaction between the factors shade and structural 
complexity was not significant in any of the cases. The data thus indicate that 
whether densities of nursery fish in mangrove habitats are increased by the 
degree of shade, by the degree of structural complexity, or by both factors, is 
species-specific.
This thesis attempted to provide insights in two basic questions. In the 
‘Discussion’ section, the implications of this thesis on the way scientists view 
the role of nursery habitats are discussed in detail. The first question was 
“What are the benefits of the use of nursery habitats by reef fish species?”. The 
beneficial effect of turbidity (which supposedly reduces predation efficiency, as 
suggested by many authors) on juvenile populations in nursery habitats may 
need to be reconsidered, since no relation with fish density or fish size could be 
detected in our studies in Spanish Water Bay. Also, the effect of the presence 
of shade on the predation efficiency of piscivores is under-appreciated in 
literature dealing with nursery habitats such as seagrass beds and mangroves.
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The second question was “How are ontogenetic shifts related to life cycle 
migrations?”. The carnivorous nursery-reef species showed diet shifts (ever 
larger prey with ever larger fish size) while they dwell in nursery habitats. 
This hypothetically provides a mechanism for migration to the coral reef, since 
the increasing need of larger prey could lead to a larger daily migration radius, 
which in turn enhances the chance of ‘discovering’ the coral reef habitat. In the 
case of snappers (Lutjanidae), this is the most probable promotor of nursery-to- 
reef migrations, while the grunts (Haemulidae) may also be ‘turned on’ by the 
development of their gonads (also leading to larger migration range in the 
restless search for spawning aggregations). The most likely promotor of 
nursery-to-reef migrations during the life cycle of herbivorous reef fish must lie 
in the biological changes within the fish leading to increasing home range with 
ontogeny. A probable driving force behind such an increase in home range 
could be the development of gonads and subsequent search voor spawning 
partners, since the size at which the herbivores leave the bay is also the 
average size at which these species become sexually mature.
This thesis confirms the spatial separation of the juvenile-in-the-nursery 
subpopulation from its adult-on-the-reef subpopulation for nine of the most 
abundant nursery-reef fish species in the Caribbean Sea. It shows that spatial 
size-distribution patterns and inferred migrations of nursery-reef fish species 
are more detailed, stable and species-specific than previously thought. The 
migrations in opposite directions, combined with different preference for either 
mangroves or seagrass beds among (size-classes of) species, shows that reef 
fish using in-bay habitats during post-settlement life stages may do so by 
actual choice and not merely because of stochastic dispersal of their larvae, 
and underline the necessity of these habitats to Caribbean coral reef systems. 
Coral reef management should focus on the coastal zone as a whole, including 
the non-estuarine bays and their nursery habitats. The narrow and long 
entrances to these Caribbean bays should be treated with special care, since 
they form the “highway” over which fish migrations occur. Also, mangrove 
habitats need urgent protection, since they harbour high densities of 
commercially and ecologically important reef fish species and are suffering 
substantial habitat loss.
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Samenvatting
De visgemeenschappen van koraalriffen zijn belangrijk voor de commerciële 
visserij en lokale (sport-) vissers in de tropen. Deze kleurige en wonderlijke 
onderwaterwereld trekt zowel toeristen aan als onderzoekers. Koraalriffen zijn 
niet de enige habitats voor mariene en estuariene vissen in tropische 
kustzones. Zeegrasvelden, mangrovebossen, algenvelden, onbegroeide zand- of 
modderbodems, ‘backreef of fossiel koraal zijn vaak dichtbij te vinden. In veel 
studies werden volwassen rifvissen vooral op het koraalrif gevonden, terwijl de 
jonge (juveniele) rifvissen van die soorten vooral in andere habitats werden 
gevonden. Deze ruimtelijke scheiding van verschillende grootteklassen 
suggereert migraties gedurende de levenscyclus van deze vissen, waaruit het 
‘kinderkamer’-concept voortvloeide. Vooral zeegrasvelden en mangroves zijn 
bekend als kinderkamers, wat betekent dat jonge vis opgroeit in zo’n 
kinderkamer, en pas later naar het koraalrif zwemt (migreert) om daar de rest 
van zijn leven te blijven. De voordelen van het tijdelijk verblijven van rifvissen 
in kinderkamers wordt meestal uitgelegd in termen van voedsel (er is vaak 
veel voedsel in kinderkamer habitats), en beschutting (tussen de wortels en 
bladeren kunnen jonge vissen goed schuilen voor visetende dieren). Dit 
kinderkamer-concept is weliswaar goed bekend, maar de wetenschappelijke 
basis wordt gevormd door studies waarin meestal maar enkele habitats 
worden bestudeerd, en niet alle drie de habitats in de mangrove-zeegras-rif 
zonatie. Vaak worden de habitats ook nog met verschillende methoden 
bestudeerd, wat onderlinge vergelijking tussen die habitats en tussen studies 
bemoeilijkt. Bovendien is de rol van mangroves en zeegrasvelden voor rifvissen 
in de Indische en Stille Oceaan niet altijd duidelijk, en is de 
kinderkamerfunctie van die habitats vooral aangetoond voor het Caribische 
gebied. De kwantificering van het relatieve belang van kinderkamer habitats 
voor de verschillende grootteklassen van koraalrifvissen met maar een enkele 
methode, is eigenlijk pas recent begonnen. Ivan Nagelkerken heeft in zijn 
recente proefschrift 17 Caribische koraalrifvissen geïdentificeerd, waarvan de 
juvenielen in kinderkamer-habitats leven, door de grootteklassenverdeling van 
vispopulaties te monitoren met behulp van een enkele methode (visual census). 
Dit is een visuele techniek waarbij de onderzoeker de vissen telt en de grootte 
inschat door over een tevoren bepaald oppervlak te snorkelen of te SCUBA- 
duiken. Die 17 rifvissoorten noemen we ‘kinderkamer-rifvissen’.
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In dit proefschrift worden negen van de meest voorkomende kinderkamer- 
rifvissen bestudeerd in een aantal hoofdstukken (studies). De resultaten van 
deze studies moeten inzichten opleveren voor de beantwoording twee 
fundamentele vragen. De eerste vraag is “Waarom gebruiken de juvenielen 
van sommige rifvissoorten kindermaker-habitats?”, en de tweede is “Hoe zijn 
ontogenetische veranderingen gerelateerd aan migratiepatronen?”. Immers, 
het moment van de migratie van de kinderkamer naar het koraalrif (en dus de 
hoeveelheid tijd die doorgebracht wordt in een kinderkamer), moet in verband 
staan met veranderingen gedurende het leven van de vis.
De dichtheid en lengte-frequentie van de negen rifvissoorten (incl. herbivoren, 
piscivoren, en zoobenthivoren) werden bepaald gedurende vijf maanden, met 
behulp van onder water visual census. De spatiale verdeling van de 
grootteklassen van deze vissen suggereerde drie mogelijke Post-vestiging 
LevensCyclus Migraties (PLCM). Haemulon sciurus, Lutjanus griseus, L. 
apodus, en Acanthurus chirurgus groeien op in kinderkamer-habitats, en 
migreren daarna naar het koraalrif (Lange Afstand PLCM). Juvenielen van 
Acanthurus bahianus en Scarus taeniopterus werden alleen gezien in baai 
habitats dichtbij het koraalrif, en hun migraties vinden plaats op een kleinere 
schaal (Korte Afstand PLCM). Haemulon flavolineatum, Ocyurus chrysurus en 
Scarus iserti vertoonden een Stapsgewijze PLCM , waarbij de kleinste 
juvenielen in de monding van de baai zitten, waarna ze migreren naar 
habitats dieper in de baai, en pas daarna migreren ze naar het koraalrif.
Door vergelijking van de bovengenoemde migratiepatronen met data van een 
tweede (opvolgend) jaar, bleek dat er geen verschil was in de migratiepatronen 
van de bestudeerde soorten koraalrifvis. Ondanks variatie in de dichtheden 
van de vissen, bleef iedere soort trouw aan het typische migratiepatroon van 
het vorige jaar. Dit betekent dat de rol die kinderkamer habitats spelen voor 
koraalrifvissen soortspecifiek is.
De relatieve verdeling van de dichtheden van grootteklassen van de 
geselecteerde vissoorten over mangroves en zeegrasvelden liet zien dat 
sommige vissoorten mangroves verkozen boven zeegrassen, terwijl andere 
soorten evenveel in beide habitats voorkwamen. Door middel van stabiele 
isotopenanalyse werd bevestigd dat mangroves door deze vissen alleen worden 
gebruikt als schuilplaats, terwijl zij zich uitsluitend in andere habitats (m.n. 
zeegrasvelden) voeden.
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Van monsters van de vissen en potentiële voedsel-items werden stabiele 
isotopenratio’s bepaald in de drie habitats van de mangrove-zeegras-rif 
zonatie, en deze data werden gecombineerd met de analyse van de 
maaginhoud van deze vissen. De lengte van de carnivore grommers 
(Haemulidae) en snappers (Lutjanidae) was positief gecorreleerd met 815N 
waarden in de vis. Deze trend ging gepaard met een afnemende voedsel- 
voorkeur voor kleine kreeftachtigen, en bij sommige soorten met een toename 
in de voorkeur voor grotere krabben en prooivisjes. Door problemen met de 
identificatie van de maaginhoud van de herbivore doktervissen (Acanthuridae) 
en papegaaivissen (Scaridae) konden geen uitspraken gedaan worden over 
eventuele ontogenetische trends op basis hiervan, maar zo een verandering 
van dieet bleek niet uit de stabiele isotopenanalyse. 813C waarden bleken 
bruikbaar om onderscheid te maken tussen voedsel van het rif en voedsel van 
de baai (met daarin de kinderkamer habitats). Alle 813C waarden van vissen  
van het koraalrif waren dichtbij de 813C waarden van voedsel items op het 
koraalrif, en waren significant lager dan de waarden in de zeegrasvelden 
(behalve bij Scarus iserti). De gecombineerde analyse van stabiele isotopen en 
maaginhoud laat zien dat de juvenielen en adulten van deze rifvissoorten 
gedurende een aanzienlijke periode ruimtelijk en ecologisch gescheiden zijn, en 
dat de herbivore vissen geen ontogenetische verandering in trofische status 
ondergaan terwijl de carnivore vissen steeds groter voedsel eten van steeds 
hoger trofisch niveau voordat ze naar het koraalrif migreren.
In een veldexperiment werden kunstmatige mangrove habitats gebouwd 
(Artificial Mangrove Units, AMU’s) die elk werden voorzien van een 
combinatie van structurele complexiteit (PVC stokjes) en schaduw (m.b.v. 
schaduwgaas). Aangroei (algen e.d.) werden regelmatig verwijderd en de 
troebelheid was hetzelfde in elk van de in totaal zestien AMU’s. De vissen die 
werden aangetrokken door de AMU’s werden geïdentificeerd en geteld en het 
effect van structurele complexiteit en schaduw, alsmede de interactie tussen  
beide factoren, werden getest met behulp van variantie-analyse (two-way 
ANOVA). De aantrekkingskracht van de AMU’s op Haemulon sciurus bleek te 
worden bepaald door zowel structuur als schaduw, en beide factoren bleken 
onafhankelijk van elkaar van belang (geen interactie tussen de factoren). 
Ocyurus chrysurus bleek te worden aangetrokken door schaduw, en de mate 
van structurele complexiteit had geen effect op de aantallen in de AMU’s 
(interactie tussen de factoren was niet significant). De resultaten van dit 
experiment suggereren dat de invloed van schaduw of structuur in mangrove­
achtige habitats afhankelijk is van de soort vis.
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Dit proefschrift beoogde inzicht te verschaffen in twee fundamentele vragen. 
De eerste vraag was “Wat zijn de voordelen van het gebruik van kinderkamer 
habitats door rifvissen?”. Het voordeel van de hogere troebelheid (die de 
predatie-efficiency zou reduceren, volgens veel auteurs) op juveniele 
subpopulaties in kinderkamer-habitats moet misschien herzien worden, omdat 
er geen relatie met de dichtheden of grootte van de vissen werd gevonden in 
onze studies in het Spaanse Water. Het effect van schaduw op de predatie- 
efficiency van piscivoren wordt ondergewaardeerd in de literatuur die zich 
bezighoudt met kinderkamer-habitats, terwijl de aanwezigheid van schaduw 
meer aantrekkingskracht uitoefent op sommige vissoorten dan structurele 
complexiteit. De tweede vraag was “Hoe zijn ontogenetische veranderingen 
gerelateerd aan migratiepatronen?”. De carnivore rifvissen bleken 
veranderingen in hun dieet te vertonen (steeds grotere prooi) tijdens hun 
verblijf in de kinderkamer-habitats. Dit resultaat leidde tot de hypothese dat 
de dieet-verandering leidt tot een toename in migratie-radius, en daardoor kan 
leiden tot de migratie van kinderkamer habitats naar het koraalrif. Bij 
snappers (Lutjanidae) is dat het meest waarschijnlijke mechanisme dat leidt 
tot kinderkamer-rif migraties, terwijl bij de grommers (Haemulidae) ook de 
rijping van de geslachtsorganen (en daardoor de steeds grotere migratie-radius 
in de zoektocht naar partners) kan leiden tot zulk een migratie. Bij herbivore 
vissen is de rijping van de geslachtsorganen, of een andere biologische of 
fysiologische verandering, de meest waarschijnlijke aanzet tot kinderkamer-rif 
migraties.
Dit proefschrift bevestigt de ruimtelijke scheiding van de juvenielen-in-de- 
kinderkamer subpopulatie van zijn adulten-op-het-koraalrif subpopulatie voor 
negen van de meest voorkomende kinderkamer-rifvissoorten in het Caribisch 
gebied. Het toont aan dat de ruimtelijke grootteverdeling en de afgeleide 
migraties van de kinderkamer-rifvissoorten meer gedetailleerd, stabiel en 
soortspecifiek zijn dan voorheen werd gedacht. De migraties in tegengestelde 
richtingen, gecombineerd met de verschillende voorkeur voor mangrove of 
zeegras habitats, laten zien dat het gebruik van kinderkamer-habitats door 
rifvissen gebeurt doordat de vissen keuzes maken, en dat er meer aan de hand 
is dan alleen de willekeurige verspreiding van de vislarven. Dit onderstreept 
het belang van kinderkamer-habitats voor de visgemeenschappen van 
koraalriffen in het Caribisch gebied. Beheer van koraalriffen moet zich richten 
op de kust als geheel, dus inclusief de baaien en kinderkamer habitats. De 
lange smalle ingang van veel van deze niet-estuariene baaien moet speciale 
aandacht krijgen, omdat dit de “snelweg” vormt waarover de vismigraties 
plaatsvinden. De mangroves dienen dringend beschermd te worden, omdat ze 
hoge dichtheden met commercieel belangrijke rifvissoorten bevatten, en 
tegelijk met grote snelheid worden weggekapt voor bijvoorbeeld de bouw van 
aanlegsteigers.
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Dit proefschrift is het resultaat van wat waarschijnlijk de meest intensieve 
periode van concentratie en schrijven (en herschrijven) (en herschrijven) in 
mijn leven was, en het is voornamelijk mijn eigen prestatie. Daarom heb ik het 
proefschrift aan mijzelf opgedragen, omdat ik er trots op ben dat ik het heb 
afgerond. Dat betekent natuurlijk niet dat het lange pad dat voorafging aan 
dit boekje een solitair avontuur was. Er zijn veel mensen die me geholpen 
hebben met het veldwerk of logistieke zaken, of waar ik anderzijds van 
genoten heb. Hieronder zal ik ze bedanken en tegelijk proberen het leven van 
een tropisch marien ecoloog te schetsen.
Curasao is een prachtig eiland. Vroeger was het de centrale doorvoerhaven 
voor slaven uit West-Afrika naar Noord-Amerika, en tot niet zo lang geleden 
een kolonie van Nederland. De slavernij werd afgeschaft en de huidige 
bevolking is in feite een mix van Afrikanen en Spanjaarden, Portugezen, 
Nederlanders, en nog meer naties. Het is een geschiedenis die erg veel lijkt op 
die van andere eilanden in het Caribische gebied. Die geschiedenis is te zien, 
te ruiken en te horen in de muziek, de mensen, de gewoonten, het bijgeloof, de 
merengue en salsa, en in de Caribische keuken. De voertaal is Papiaments 
(dat nog het meest lijkt op een mix tussen Spaans en Nederlands), maar 
iedereen spreekt ook Nederlands. Een uurtje rijden over het eiland levert al 
mooie plaatjes op. De enorme brug die over de haven is gebouwd, het uitzicht 
over de gekleurde huizen in stad, de Venezolaanse bootjes met fruit die samen 
de drijvende markt vormen, de Christoffelberg in de verte, de wuivende 
palmen, de mooie stranden, de cruiseschepen (waaruit Amerikaanse bejaarden 
in groepen worden losgelaten, met een sticker op de borst die zegt “I’m on 
tour”, voor het geval ze kwijtraken).
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Wat je niet ziet op ansichtkaarten, is dat de achterkant van het prachtige en 
monumentale centrum wordt gevormd door een rokend industriegebied ter 
grootte van een stad, die de haven omringt. De Isla, een olieraffinaderij, 
verwerkt olie uit Venezuela en blaast zijn roet over de achterste delen van 
Willemstad. Als de wind verkeerd staat, ruik je die olieachtige geur, die na een 
poos toch hoort bij de goede herinneringen aan Curagao, net als de muggen. 
Heel typerend is ook de constante bries, de warme wind die over het eiland 
aait, en waar je dankbaar voor bent. Hoe dankbaar, merk je wanneer die wind 
gaat liggen in september en oktober, en verkoeling alleen te vinden is in een 
ruimte met airconditioning of onder water. Onder water, in de zee, is het 
inderdaad prachtig. Die sensatie dat je onder water kunt ademen, en dat je 
zweeft of vliegt over het koraal terwijl je vissen, koralen, haaien en nog veel 
meer beesten ziet, maakt SCUBA duiken verslavend. Maar wat ik me het 
meest herinner, is dat felle licht en die heldere kleuren, alsof mijn leven een 
Nederland een droom in zwart-wit was, terwijl het leven op Curagao zo 
kleurrijk is, op vele manieren.
Het CARibbean MArine Biological Institute (CARMABI), het biologisch station 
van waaruit het onderzoek gefaciliteerd werd, staat op het strand. Er staat een 
groot groen elektronisch hek, dat je van afstand al kan openen vanuit de auto 
als je een beeper hebt (en de medewerkers en gast-onderzoekers hebben er 
eentje). Als je dan het terrein oprijdt, zie je een binnenplaats waar jeeps en 
pick-up trucks staan, met wat oude gebouwen aan de ene kant en het strand 
aan de andere kant. Vanaf het strand kun je bij helder weer Venezuela zien 
liggen, wat ik altijd Penisuela noem om redenen die ik u hier maar zal 
onthouden. Een laag gebouwtje op het terrein heet “Tilapia”, en vormt een van 
de gastverblijven. Daarin zitten een aantal slaapkamertjes, en er is een 
gemeenschappelijke keuken en douche enzo.
Victoria is de vertrekken aan het schoonmaken. Buiten staat een picknicktafel, 
waar iemand aan zit te werken, terwijl een ander er zit te eten. Er wordt aan 
auto’s gesleuteld door Brian, mensen zijn bezig maffe onderzoeksmethoden te 
maken, er wordt gesleept met duiktanks, Oscar hangt wat rond het duikhok en 
controleert de bootmotoren, Carlos zit een gebakken visje te eten. Frank gaat 
de post halen. In het laboratorium zijn wat studenten vissenmagen aan het 
onderzoeken en er worden slangensterretjes uit sponzen gepulkt. Het ruikt er 
naar oplosmiddelen en muggenspray. Op de deur van het lab hangt een bordje 
met een doodshoofd dat zegt “Pas op! Levensgevaar! Wetenschappelijk 
onderzoek!”. Op de bovenverdieping van het gebouw zijn de kantoren van de 
directeur (Wotti Bakhuis), en van de medewerkers en onderzoekers (Leon, 
Kees, Frankito, John, Dolphi). De secretaresse Swinda en administrateur 
Egbert hebben hun kantoor naast de bibliotheek. Ook op die verdieping is nog 
een gast-verblijf, waar het altijd stikt van de schorpioenen. De enige echte tik 
die ik van de tropen heb overgehouden, is dat ik nooit in mijn schoenen stap 
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zonder ze even ondersteboven geschud te hebben. Elsio, de oude tuinman, loopt 
mopperend te schoffelen en geeft de leguanen te eten. En dan is er Otmar, de 
huisjunk, die altijd voor ons wil zingen voor een sigaret (“haaad ik maaar, 
iemand om van te houweeeeeeeen....”), of die jouw bestek jat, sieraden ervan 
maakt en het dan aan je terugverkoopt. Hij mag overdag niet op het terrein 
komen, maar is ’s avonds vaak in de buurt. Mark komt net terug met zijn boot 
vol Amerikaanse studenten. Hij heeft natuurlijk weer een haai gezien. Op het 
strand liggen studenten, en toeristen van de bar naast het instituut: Hook’s 
Hut. Een zwarte vlag met doodskop wappert op de pier, die bij het cafe­
restaurant hoort. Er staan picknick-tafels op het strand, waar je kunt eten. 
Het eten is er nooit geweldig, met uitzondering van de shoarmaschotel, maar 
we gaan er zelden heen om te eten. Meestal zitten we er om te drinken na het 
duiken, en als we honger krijgen bestellen we een ‘mixed platter’ met 
bitterballen en dergelijke, want Nederlandse snacks (en alle overige 
Nederlandse producten) zijn goed verkrijgbaar op het eiland. Nog een voordeel 
van Curagao: je hoeft niet na een paar maanden wanhopig naar Nederland te 
bellen om te smeken of ze bruin brood, kaas of mayonaise opsturen. Alles is te 
krijgen op het eiland. Vooral vlees is goedkoop, wat de vele barbecues ten 
goede komt, en de slanke lijn niet. Na het zuipen bij Hook’s Hut lopen we dus 
waggelend die 15 meter terug naar ons strandhuisje om met zijn allen de 
barbecue op te stoken. Of we gaan in een restaurantje eten met uitzicht op zee, 
of in een fort met uitzicht op de stad. Of bij Dirk’s Eetcafe, waar Dirk (himself) 
stamppot boerenkool met worst en dikke jus maakt. De nachten bestaan uit 
meer barbecue en meer drank op het strand, of swingen bij Mambo Beach, of 
de merengue dansen bij Rumours. Voor de echte die-hards is er tot in de 
ochtend de Jail open, waar ze toffe muziek draaien en waar de onderkant (de 
beste kant) van de samenleving danst tot de politie komt om te zeggen dat het 
buiten al licht is. Een paar korte uurtjes slaap (je wordt toch weer wakker van 
de hitte van de dag), en dan weer naar het strand, om gezamenlijk te klagen 
hoe zwaar het leven is. Je kater waait onder de bomen van je weg na een paar 
uur luieren, en is definitief verdwenen als de eerste Marghuerita’s worden 
besteld. Een frisse duik in de zee blijkt ook een goeie remedie.
Het is niet alleen maar lol, hoor, in de tropen. Er gaat zo ontzettend veel mis! 
Niet alleen omdat je in feite bezig bent met het organiseren van een expeditie 
naar de tropen en weer terug, met alle logistieke zaken die dat met zich 
meebrengt. Ook omdat er op Curagao, dat relatief ontwikkeld is in vergelijking 
met veel tropische landen, toch nog meer misgaat dan in Nederland. Je moet 
vaak heel veel doen om een klein beetje resultaat te boeken. Soms had ik het 
gevoel dat ik probeerde een grote berg stront vooruit te duwen (“shoving dirt”, 
zeggen ze in Engeland), ofwel het schiet niet erg op. Maar uiteindelijk, met 
ieders inzet, lukte alles wel.
161
Die bacardi-cola, die je na al dat geploeter en geworstel echt wel verdiend had, 
dronken we dan met die collega-onderzoekers (Petra, Japie, Bonnie, Huw, 
Edwin, Alida, Mark, Hielke, Linda, Eugenia, Koen, Stuart, etc.) waarmee je 
samen at op het strand. Of waarmee je ging poolen (buiten, in het strandcafé 
Hook’s Hut), samen over je onderzoek praatte, je successen deelde, klaagde, en 
dronken werd. Barbecuen, zwemmen, duiken, bacardi-cola, en lekker bakken 
in de zon. Af en toe een vroege nachtduik, waarna je uit het water kwam, je 
duikpak uittrok op het strand, en aanschoof bij de studenten en collega’s, 
waarvan er vele vrienden werden. We organiseerden duiktrips naar Bonaire of 
Klein Curagao, of nachtduiken gedurende de ‘coral spawning’, of safari’s naar 
Christoffel-park, of spectaculaire duiken aan de ruige noordkant van het 
eiland waar je door heftige branding langs vlijmscherp koraal moet zien te 
komen voordat je het prachtige rif en de haaien bereikt.
Zoals gezegd had ik hulp van studenten. De eerste vier, Martijn, Patrick, Bart 
en Wilco, waren echte kerels. Ze kwamen elke ochtend van 3 kilometer ver 
joggen naar het instituut. Ze leefden in een studentenhuis waar vier keer per 
week werd ingebroken, en probeerden van gemiddeld 3 gulden per dag rond te 
komen. Het begin was lastig, maar na een poos ontpopten ze zich als echte 
zelfstandige onderzoekers van het soort dat je in natuurseries ziet of in 
Discovery documentaires. Met deze studenten heb ik dat eerste jaar zo’n hoop 
goede gegevens verzameld, dat ik het de twee periodes op Curagao erna iets 
rustiger aan kon doen. De tweede periode op Curagao was ik er met de 
studenten Walter en Maarten, die vooral genoten van het duiken en het 
uitgaansleven. En met Heidi, met wie ik een geslaagd experiment in het 
Spaanse Water heb uitgevoerd, en een mislukt experiment in de aquaria van 
het Seaquarium (vissen zijn ijdel, hebben we geleerd). Door de hulp van deze 
studenten is het meeste veldwerk uitgevoerd. De derde periode op Curagao 
was ik er met de studenten Marloes en Ilse, de warme knusse meiden die altijd 
een sfeer wisten te creëren van ‘op vakantie met de hele familie’. Hen heb ik 
begeleid in een projekt over zeespiegelstijging, en we hebben heel wat 
opschudding veroorzaakt bij de autoriteiten door de mogelijke schade van 
gemiddeld slechts 1 meter (reële) stijging van het zeeniveau te berekenen. 
Stuart Sandin en Jameal Samhouri van de Princeton universiteit hebben me 
geholpen met de verwerking van otolieten, een kleine studie die niet in dit 
proefschrift verwerkt is.
Al die mensen die ik hierboven genoemd heb dank ik hartelijk voor hun 
medewerking, hun hulp, hun steun, hun gezelligheid, hun advies, of hun 
vriendschap. Ik dank ook Maureen Kuenen, omdat ze me hielp met de 
werkzaamheden op het Seaquarium, maar vooral omdat ze een geweldige 
vriendin is met wie ik het beste salsa kan dansen en whiskey kan drinken 
onder een palmboom.
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Willeke, Bart, en Laurens waren altijd in voor feesten, drank, en gezelligheid. 
Zij waren medische studenten op het ziekenhuis te Willemstad. We hebben een 
huis gedeeld, en hebben altijd gezelligheid weten af te wisselen met 
verschrikkelijke katers, die we op het strand rustig ondergingen met een 
Marghuerita erbij. Huw Evans, uit Londen, werd een goeie vriend, duik buddy 
en party  animal op Curagao. I thank him for always being so gay. Dan zijn er 
nog een hoop vrienden langsgekomen tijdens mijn verblijf op Curagao, die 
allemaal wel een paar weken bleven en soms een handje meehielpen. Marco, 
Tinco en Sabine, Judith, Mireille en Ma Henny, John en Dick, Geer, en 
natuurlijk Jocco (die is wel drie keer geweest), dank ik allemaal voor hun 
bezoek en gezelligheid.
Ik dank iedereen van de leerstoelgroep Aquatische Ecologie van de KUN, en in 
het bijzonder Dr. Ivan Nagelkerken, die veel tijd heeft gestoken in het 
meedenken tijdens alle facetten van het onderzoek en in het voorbereiden van 
de publicaties. Prof. Dr. Gerard van der Velde heeft altijd tijd gevonden om 
met secure pen de manuscripten van commentaar te voorzien. Ook verdient 
Stephanie Pappers speciale dank om een hele hoop redenen, maar vooral om 
haar grote hart en behulpzaamheid.
Ook stonden er altijd weer veel vrienden klaar in Nederland, waarvan ik de 
meeste al genoemd heb. Ik wil nog even Wouter Christiaens bedanken, omdat 
het een speciale vriend is waar ik zo veel mee gedeeld heb en waarmee ik zo 
veel gegeten, gedronken en gelachen heb. En Erik, voor alle filmpjes en 
etentjes. En Riyan, en Igor, voor alle etentjes en discussies. En oma, omdat ze 
zo lief is en altijd het beste met me voor heeft.
Tenslotte was er Miguel Angelo Rodriguez Vizcaya, mijn vriendje in Caracas, 
Venezuela. Het leven is niet eerlijk, en helaas is Miguel in november 1999 op 
23 jarige leeftijd plotseling overleden. Hij is erg belangrijk geweest voor mij, 
gedurende die periode, en was een van de meest liefdevolle personen die ik 
ken. Niet alleen zal ik me herinneren hoe mooi en lief hij was en zijn 
overweldigende liefde voor mensen, maar vooral zijn levenslust en hoe hij in 
een land waar alles tegen zit, zo geweldig zijn best deed iets van zijn leven te 
maken. En hoe hem dat bijna lukte. Hij vroeg me om hem nooit te vergeten, en 
dat zal ik nooit doen.
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